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Abstract: The interruption of malaria transmission
worldwide is one of the greatest challenges for interna-
tional health and development communities. The current
expert view suggests that, by aggressively scaling up
control with currently available tools and strategies, much
greater gains could be achieved against malaria, including
elimination from a number of countries and regions;
however, even with maximal effort we will fall short of
global eradication. The Malaria Eradication Research
Agenda (malERA) complements the current research
agenda—primarily directed towards reducing morbidity
and mortality—with one that aims to identify key
knowledge gaps and define the strategies and tools that
will result in reducing the basic reproduction rate to less
than 1, with the ultimate aim of eradication of the parasite
from the human population. Sustained commitment from
local communities, civil society, policy leaders, and the
scientific community, together with a massive effort to
build a strong base of researchers from the endemic areas
will be critical factors in the success of this new agenda.

Introduction

The unacceptable health burden of malaria, and its economic

and social impacts on development, have made it a focal point of

the international development agenda, and the world has

embraced an ambitious plan for scaling up malaria control that

progresses towards country-by-country and regional elimination

and the ultimate goal of global eradication [1]. Over the past

decade, resources and control efforts have intensified to a level not

seen since the early days of the World Health Organization’s

Global Malaria Eradication Program (GMEP) in the late 1950s.

Nonetheless, in 2009, with 3.28 billion people living in areas that

have some risk of malaria transmission and about 1.2 billion

people (one-fifth of the world’s population) living in areas with a

high risk of transmission (more than one reported case per 1,000

population per year), there were about 225 million cases of clinical

malaria and 781,000 malaria-related deaths. Today, there is

ongoing malaria transmission in 106 countries. Eighty-one of these

countries are focusing on control, while 25 are in pre-elimination,

elimination, and prevention of reintroduction phases; Morocco,

the United Arab Emirates, and Turkmenistan have recently been

certified as malaria free [2–4].

These statistics emphasize the direness of the current malaria

burden but also benchmark the accomplishments and progress

that have been achieved in malaria control. Following declarations

at the Malaria Forum in October 2007 convened by the Bill &

Melinda Gates Foundation, and subsequent support voiced by the

World Health Organization (WHO), the Roll Back Malaria

(RBM) Partnership, and many other organizations and institu-

tions, the paradigm of malaria control and elimination has been

extended to encompass an ultimate goal of malaria eradication

[1,2,5]. The question is no longer whether international agencies

and national health authorities should be mobilized to pursue the

goal of malaria eradication, but rather when and how.

A key question, however, is whether elimination from all regions

of the world (eradication) is feasible with the current tools and state

of knowledge. For a number of reasons, we believe that the answer

is ‘‘no.’’ First, malaria is not a single disease. The five Plasmodium

species (falciparum, vivax, ovale, malariae, knowlesi) that cause human

malaria are transmitted by more than 30 Anopheline mosquito

species with diverse breeding and feeding habits, and result in

different disease spectra in different population target groups and

epidemiological settings. Second, current malaria control and

elimination programs face remarkable heterogeneity of transmis-
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sion dynamics of malaria in endemic areas, including differences in

parasite, vector, human, social, and environmental factors. Third,

operational limitations include underperforming health services,

lack of political will, insufficient financial, social and human

resources, and for some areas, inadequate tools to interrupt

transmission given an exceedingly high force of transmission. Each

country presents different combinations of these problems and

their determinants. Thus, a widely held view suggests that with

currently available tools, much greater gains could be achieved,

including elimination from a number of countries and regions, but

that even with maximal effort we will fall short of elimination in

many areas and of global eradication [6]. For definitions of terms

used regarding malaria eradication see Box 1.

Mixed Success and Failure of Past Malaria Control
and Elimination Efforts

A detailed discussion of all the factors involved in the partial

success of the past eradication campaign is beyond the scope of

this introduction, but three critical elements can be highlighted.

First, there was insufficient recognition of the heterogeneity of

malaria transmission and disease. Much of the optimism that

inspired WHO GMEP in 1955 was based on the successful

outcomes of earlier control programs that benefited from a

combination of biological, parasitological, social, and environ-

mental factors that favoured success (e.g., the rarity of DDT-

resistant Anophelines and of chloroquine-resistant parasites).

Second, the first WHO GMEP (1955-1969) was predicated on

an assumption that the available knowledge and tools were

sufficient to achieve worldwide eradication. A single strategy that

would work everywhere—‘‘one size fits all’’—proved to be ill-

founded because it underestimated the challenges of dealing with

the extremely efficient vectors in Africa (An. gambiae) and with

transmission by outdoor-feeding mosquitoes that were not

susceptible to attack by indoor residual insecticide. It also did

not allow for the lack of safe drugs for mass administration to

remove all infectious parasites from symptomatic and asymptom-

atic carriers, particularly from people carrying P. vivax or P. ovale,

species that establish latent liver infections that are responsible for

relapses months or years following initial infection. Third,

insufficient research in biomedical and social sciences and

inadequate local application of research findings across a wide

variety of settings are widely viewed to have contributed to

demoralization and waning effort when tools proved ineffective or

could not be adequately implemented. The neglect of malaria

research during and after the campaign did long-term damage.

These elements resulted in a lack of progress that in turn

compromised continued financial support [7].

Current Malaria Control Efforts: The Goal of
Eradication and Its Research and Development
Implications

The past decade has witnessed renewed investment in malaria

control and substantial increases in funding for malaria research.

The Roll Back Malaria Global Malaria Action Plan (GMAP) and

WHO have recently revised and updated the strategy and the steps

for scaling up and sustaining malaria control (Figure 1). In

addition, the Malaria Elimination Group (MEG), a group of

scientists, public health decision makers, control program

managers, and funders, has compiled a guide to policy makers

for areas that embark or have embarked on elimination strategies

[8].

Reductions in disease incidence are being documented, even in

some areas of sub-Saharan Africa that constitute the heartland of

malaria transmission [2]. There are, however, significant threats to

current progress that cannot be ignored, and unmet needs that will

continue to be central to the global research agenda for improving

malaria control and eventually achieving eradication. Notable

examples are the emergence of artemisinin resistance and the

consequent need for improved strategies to contain dissemination

of resistant parasite strains coupled with accelerated research into

potential new drugs for first-line treatment [9,10]. Similarly, new

insecticides are urgently needed to replace those threatened by

increased mosquito resistance [11], and accelerated development

of vaccines that can impact on malaria incidence, disease, and

death remains a high priority [12].

Complementing the current research agenda—primarily directed

towards improving malaria control and reducing morbidity and

mortality—with research on developing tools, interventions, and

strategies to interrupt transmission and ultimate eradication of the

parasite from the human population constitutes a true paradigm shift.

Box 1. Clarifying the Goals and Definitions

N Control: Reduction of disease incidence, prevalence,
morbidity, or mortality to a locally acceptable level as a
result of deliberate efforts; continued intervention
measures are required to maintain the reduction.

N Elimination: Reduction to zero of the incidence of
locally transmitted malaria infection in a defined
geographical area as a result of deliberate efforts;
continued intervention measures are required to prevent
reestablishment of transmission.

N Eradication: Permanent reduction to zero of the global
incidence of malaria as a result of deliberate efforts;
intervention measures are no longer needed [1].

N What species? Although the eradication of P. falci-
parum, the most serious form of malaria, would
constitute an historic public health achievement, the
coexistence of transmission of P. falciparum and P. vivax
in many areas of the world together with the fact that
they are the species responsible for the major burden of
disease, make it necessary to aim for the eradication of
both.

Summary Points

N Malaria remains a major global public health problem,
but a recent paradigm shift has moved the emphasis
from control of malaria to the interruption of malaria
transmission and ultimately malaria eradication

N The Malaria Eradication Research Agenda (malERA)
initiative was convened in 2008 to define the knowledge
base, strategies, and tools required to eradicate malaria
from the human population

N A two-year consultative process has resulted in the
preparation of a detailed research and development
agenda for malaria eradication, which is reported in this
Supplement

N Implementation of this research agenda might enable
the elimination of malaria, even in the most difficult
areas

N However, to achieve the aim of malaria eradication in a
timely manner, commitment to implementing this
agenda must begin immediately

PLoS Medicine | www.plosmedicine.org 2 January 2011 | Volume 8 | Issue 1 | e10004062



The malERA Initiative

To catalyze this paradigm shift towards malaria elimination and

eradication, it was necessary to design a process to bring together

the best scientific minds in the malaria community. That process is

the Malaria Eradication Research Agenda (malERA) initiative,

which was established to complement GMAP and which aims to

define the critical knowledge base, strategies, and tools required to

reduce the basic reproduction rate (R0 or the number of secondary

cases arising from a single case) to less than one.

Scientists involved in malaria research were challenged to develop

a multidisciplinary, global research and development agenda that

would be actionable by research and public health agencies and

funders/sponsors and available for discussion and debate through

publication in a readily accessible format. The process engaged more

than 250 scientists in a series of 20 consultations around the world

(Figure 2) and was managed by a three-tier governance structure

(Figure 3). The rest of this article briefly introduces the work

undertaken by the various malERA Consultative Groups and

presented in the other articles in this Supplement.

Tools to Interrupt Malaria Transmission

To reduce the basic reproduction rate to less than 1, and hence

to interrupt transmission, interventions are needed to reduce the

reservoir of infection, the time that a person or a mosquito is

infectious, and the rate at which infections are spread. This goal

can be achieved by drugs or vaccines directed against the parasite

or by new tools that attack the vector, with the support of

improved diagnostics and surveillance.

Drugs: Single Encounter Radical Cure and Prophylaxis
In the recent past, drug development efforts were guided by the

need for first-line drugs to treat P. falciparum infections with an

increasing emphasis on drugs with a short half-life that potentially

minimize the risk of development of resistance rather than on

drugs with a long half-life that have benefits for dosing and post-

treatment prophylaxis [13]. Treatment of infected individuals with

a variety of drug regiments has been used successfully in

combination with intensive vector control to eliminate malaria

from areas with relatively strong health systems and stable

populations. However, interruption of malaria transmission is

likely to require a new set of drugs and formulations.

As described in more detail in the article by the malERA

Consultative Group on Drugs [14], such drugs will need to be used

both in stable transmission areas and in complex urban or remote

rural areas, with poorly functioning health systems where concerted

campaigns may be the only way of achieving high coverage or

preventing reintroduction by migrants or travelers from endemic

regions. For such campaigns to impact effectively on inaccessible

populations, a single encounter between health providers and

target populations is critical. Single Encounter Radical Cure and

Prophylaxis (SERCaP) has a target product profile (TPP) that

includes radical cure, defined as elimination of all parasites (including

the long-lived hypnozoites of P. vivax or P. ovale in the liver), suitability

for mass administration (including administration to healthy sub-

jects and the consequent need of a very good safety profile), and

prophylaxis for at least 1 month after treatment, to outlast the typical

development period of Plasmodia parasites in Anopheline mosquitoes.

A drug with this profile would perform in a similar way to a highly

efficacious pre-erythrocytic (infection-preventing) vaccine.

A drug with this TPP may take a long time to develop, but the

development of new drugs that meet some of these essential

requirements could dramatically improve chances of eradication.

For example, development of new safe and effective drugs that block

the infectivity of the mature sexual forms of P. falciparum gametocytes

and/or the dormant hepatic forms (hypnozoites) of P. vivax could have

a profound impact on transmission rates and would be valuable tools

in the efforts to contain and eliminate parasite strains resistant to first-

line treatment drugs. Presently, only the 8-aminoquinolines are

known to be effective against both P. vivax hypnozoites and P.

falciparum stage-five gametocytes. Unfortunately this class of drugs has

significant side-effects in some individuals, particularly hemolysis in

those with G6PD deficiency, that compromise their widespread use in

mass administration for elimination [14].

Vaccines that Interrupt Malaria Transmission
Vaccines currently in clinical development have the primary aim

of reducing morbidity and mortality from P. falciparum in young

children living in highly endemic countries. However, with the new

goal of elimination and eradication, vaccines that will reduce and

contribute to interruption of transmission also need to be developed.

The broader concept of ‘‘vaccines that interrupt malaria transmis-

sion (VIMT)’’ is introduced by the malERA Consultative Group on

Vaccines to replace the term ‘‘transmission blocking vaccines’’

(TBVs), which has been used widely to refer to vaccines that target

only the sexual and mosquito stages of the parasite [15]. VIMT

could include antivector vaccines that target mosquito molecules

essential for parasite development, highly effective pre-erythrocytic

or erythrocytic stage vaccines, and vaccines targeting parasite

antigens of sexual and mosquito stages of the infection. The desired

TPP identified by the Consultative Group for VIMT indicates that

they should be effective against both P. falciparum and P. vivax, suitable

for administration to all age groups, and should impact transmission.

Other issues discussed by the group in their article include the need

Figure 1. Epidemiological milestones [1,23]. Image credit: Fusión Creativa.
doi:10.1371/journal.pmed.1000406.g001
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for validated functional assays that measure the reduction in

infectivity at the individual level after vaccination that could be

used as surrogate measures to predict reductions in transmission

rates at the community level. Such surrogate measures will be critical

components of a regulatory pathway leading to licensure. Standard-

ized, specific and sensitive methods for assessment of transmis-

sion rates, particularly when intensity is low, will be critical in the

assessment of vaccine efficacy in interrupting transmission following

large-scale deployment of vaccination as an elimination tool [15,16].

Vector Control
The overarching goal of vector control is to reduce the vectorial

capacity of local vector populations below the critical threshold to

prevent ongoing or epidemic transmission. Because it takes a

relatively long time (days) after ingestion for Plasmodia to become

infective to humans in its Anopheles vectors, the most effective

vector control strategies currently in use rely on interventions like

indoor residual insecticide spraying and insecticide treated bednets

(ITNs) that reduce vector daily survival rates [17].

The malERA Consultative Group on Vector Control identifies

three critical challenges in its article [18]. The most pressing

challenge is the development of a coherent research agenda for

discovering and developing a broader range of insecticides, with

novel modes of action that can circumvent emerging resistance to

existing insecticides, in particular, pyrethroid-based insecticides

[11]. The second challenge is the development of interventions that

affect vectors that do not rest or feed indoors and are therefore not

susceptible to current tools. The final critical challenge is the

development of novel approaches that permanently reduce the high

vectorial capacities of the dominant malaria vectors in sub-Saharan

Africa. Genetic control programs based on permanent reduction of

the vectorial capacities of natural vector populations have received

the most attention to date [19,20], but the Consultative Group also

considers the development of other novel approaches [18].

Diagnostics
Methods for measuring transmission are central to an

elimination agenda. Current methods for measuring transmission

that may be applied in endemic areas are time-consuming,

expensive, and too insensitive for use in conditions of low and

nonuniform infection [21,22]. Some years after regional elimina-

tion, as immunity declines, infection is likely to be symptomatic

and may become the best marker of resumed transmission.

However, during the early elimination phase in regions previously

experiencing high transmission, populations will retain clinical

immunity and will not experience symptomatic disease with every

infection [23]. Thus, the main challenge identified by the malERA

Consultative Group on Diagnoses and Diagnostics and discussed

in detail in their article and in the article on Cross-cutting Issues

for Eradication [24,25] is to find a robust, sensitive, and specific

standardized method for assessment of transmission intensity in

the intervening period when transmission continues at low and

nonrandom levels. Improved serological tests have been suggested

[26], but other minimally invasive biomarkers could be consid-

ered. This information will be essential for modeling potential

effects of various interventions alone, or in combination, and for

assessing efficacy of transmission–reducing vaccines and drugs.

Other challenges for diagnostics discussed by the Consultative

Figure 2. Consultative process towards a consolidated research and development agenda for malaria eradication. Image credit:
Fusión Creativa.
doi:10.1371/journal.pmed.1000406.g002

PLoS Medicine | www.plosmedicine.org 4 January 2011 | Volume 8 | Issue 1 | e10004064



Group include the need for tools that can rapidly detect and

monitor unexpectedly high transmission that leads to outbreaks

and that can identify reintroduction of infections that may be

asymptomatic [16,24].

Beyond the Tools: Supporting Strategies and the
Knowledge Base

Modeling and Harmonized Data Systems
Substantial advances have been made recently in computational

approaches for modeling malaria epidemiology and in model-

based approaches to economic evaluation [27–29]. As discussed by

the malERA Consultative Group on Modeling [16], a significant

research challenge for malaria eradication will be to integrate

these new approaches into the planning of elimination, surveil-

lance, monitoring, and evaluation, and to create appropriate

interfaces for different user communities, including researchers,

global and national policy makers, and local-level planners.

Modeling can inform the definition of TPPs for new tools and

intervention strategies and will be needed throughout a global

eradication campaign to analyze the likely effects on malaria and

of various elimination strategies and the costs of these strategies

[30].

Importantly, a single unifying model will be insufficient to meet

all these needs, so multiple modeling efforts need to be coordinated

and made accessible to everyone. This harmonization and

validation process will require close, iterative collaboration between

software engineers, researchers, and malariologists to develop the

necessary computer systems and connectivity (cyberinfrastructure).

It will also necessitate the creation and maintenance of properly

annotated and accessible malariometric databases that include all

the research results needed to insert parameters into the models and

the model outputs. How this can be achieved is considered in detail

by the Consultative Group in their article [16].

Enabling Technologies and Platforms
The development of new tools for elimination is critically

dependent on a vibrant and coherent agenda for basic sciences.

We believe there are at least two potentially transformative

developments that need to be pursued. First, continuous

laboratory culture of P. vivax, P. ovale, and P. malariae needs to be

developed to provide an essential platform for studying the biology

of the liver stages and sexual forms of these parasites. These forms

could be important targets of intervention strategies with drugs,

vaccines, or other biological or chemical agents aimed at

interrupting transmission. Second, systems analyses of transcrip-

Figure 3. The malERA governance bodies. Image credit: Fusión Creativa.
doi:10.1371/journal.pmed.1000406.g003
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tion, proteome, and metabolome libraries, rapid screening of drug

libraries, high-throughput approaches to antigen identification,

and the functional definition of gene products are all feasible but

not yet fully exploited, but would bring important new tools to the

bench scientist and to field operations. These and other aspects of

enabling technologies and platforms are considered in detail in the

articles prepared by the malERA Consultative Groups on Basic

Science and Enabling Technologies and on Cross-cutting Issues

for Eradication [25,31].

Health Systems Integration, Operational
Research, and Effectiveness-Decay Analysis

The previous formal attempt at global eradication of malaria

(1955–1969) depended largely on vertical operations that often

bypassed health systems and their health services because it was

assumed that eradication operations could be run most efficiently

in this way. Many of the elimination efforts failed, because the

health systems failed, leading to a pessimistic view that malaria can

only be eliminated where economic progress, governance, and

efficient health systems are in place to support maintenance of

conditions necessary to block transmission [32,33].

It is now clear that the long-term solution to malaria elimination

and eradication will require a systems approach in which malaria-

specific interventions and actions are integrated into existing

health systems [34]. To achieve this, research is needed into health

systems, their readiness to optimize novel programs, systems, tests,

or other interventions, and their continuing performance [35–37].

During their deliberations, the malERA Consultative Group on

Health Systems and Operational Research identified the need for

a substantial research approach to establish and validate a tool kit

that allows effectiveness-decay analysis of health system impedi-

ments to effective and equitable coverage of malaria interventions

and that allows decisions to be made on the degree of possible

integration of interventions into an existing health system [16,38].

A further critical component of the research agenda identified by

this Consultative Group is the development and validation of a

decision-making framework to guide the move from control to

elimination.

Finally, but equally importantly, the article by the malERA

Consultative Group on Monitoring, Evaluation, and Surveillance

considers the need to investigate the performance of surveillance,

monitoring, and evaluation by new and old technologies [39,40] and

to evaluate optimal strategies for implementation of surveillance as an

active responsive intervention to further reduce transmission [41].

Training

The last time the world community tried to eliminate malaria,

so the joke goes, the only thing that was eliminated was

malariologists. For a renewed malaria eradication campaign to

Box 2. Key Examples of Critical Research
Needed to Support Elimination and
Eradication of Plasmodium falciparum and
Plasmodium vivax.

N In vitro culture and study of hypnozoites (persistent liver
stages) of P. vivax

N Drugs to be used for mass drug administration to clear
infections and provide prophylaxis to prevent new
infections

N Vaccines that target different stages of the parasite life
cycle, or the mosquito, with the key goal of interrupting
transmission

N New vector control approaches for (i) outdoor biting/
resting mosquitoes and (ii) achieving permanent reduc-
tions of vectorial capacity in areas where transmission is
predominantly due to the highly efficient vector A.
gambiae

N New approaches for fast and accurate assessment of
transmission at community level

N When to press the elimination button? Tool kits to
scientifically determine ‘‘health system readiness’’ for a
switch to elimination efforts

N New collaborative approaches to use of mathematical
modeling to inform TPPs, and expected outcomes of
mixes of intervention

N Strengthened monitoring and evaluation tools and
strategies for interrupting transmission that are linked
and embedded in the health and social systems

Figure 4. Key research and development issues and their position in relation to the different epidemiological phases towards
eradication. Image credit: Fusión Creativa.
doi:10.1371/journal.pmed.1000406.g004
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have a chance to succeed, it will be essential to train the

malariologists and scientists in the multiple disciplines needed for

an eradication campaign that might last 50 years, especially in

endemic countries. This need cannot be overemphasized. The

malaria research community remains small and often dominated

by the views and strategies of scientists who sit far away from the

problems. A massive effort to train, empower, and sustain research

capacity in the endemic countries will be a critical factor for the

success of improved control efforts and for the ultimate elimination

and eradication of malaria.

Concluding Remarks

The past 2 years have reinvigorated an old malaria paradigm in

which reduction of transmission is the driving strategy for malaria

interventions. The malaria community has now used the malERA

process to propose a research and development agenda that will be

essential for regional elimination and eventual global eradication

of malaria. Not every tool or strategy considered by the malERA

Consultative Groups (see Box 2) will be essential in every situation

(see Figure 4), but the complexity and heterogeneity, and in some

places, the sheer intensity of transmission, demand that we start

without delay to prepare for the most difficult challenges. This

focus on the end goal of eradication must not displace our

determination and efforts to continue to scale up ongoing efforts

for control and to include a research agenda for reducing

morbidity in areas of continuing moderate or high transmission.

Rather, it must encourage us to supplement our efforts with a

structured agenda that can realize the ultimate goal of eradication

envisaged by the Global Malaria Action Plan and the Roll Back

Malaria Partnership. An important lesson we can learn from other

disease elimination efforts is that complacency is dangerous. The

parasite and the vector are always evolving, and the human

environment is always changing. Thus, new research questions will

continually arise during the course of elimination [42], and active

malaria research, particularly on the development of new tools,

must continue up to the point when eradication is finally achieved.

We anticipate that the results of research efforts proposed by our

Consultative Groups for each stage of progression, from scaling up

for improved control to the elimination phases, will have great

synergy in design and application.

Past efforts at disease eradication, successful or otherwise, have

highlighted the importance of sustained commitment from local

communities, civil society, policy leaders, and the scientific

community to implement research in the context of the desired

integration of services, sector wide approaches, harmonisation of

activities, and long-term funding commitment. Thus, research

areas such as social science or research into direct and indirect

economic benefits of malaria eradication also need to be

strengthened. With these drivers in place, and the development

of the new tools we describe briefly here and in the other articles in

this Supplement, it may be possible to fulfil the dream that malaria

eradication can be achieved within the lifetime of young scientists

just embarking on their careers, even in the most difficult areas

where current tools/strategies have proven to be insufficient. The

time course may be long, but to have a chance of realizing that

dream, the commitment to starting those research and develop-

ment efforts must begin now.

Supporting Information

Text S1 malERA governance bodies

Found at: doi:10.1371/journal.pmed.1000406.s001 (0.05 MB

DOC)

Text S2 malERA launch meeting participants

Found at: doi:10.1371/journal.pmed.1000406.s002 (0.06 MB

DOC)

Acknowledgments

The Malaria Eradication Research Agenda (malERA) initiative was

constituted as a scientific consultative process to identify knowledge gaps

and new tools that will be needed to eradicate malaria globally. It was

managed by three governance bodies comprising a Steering Committee, an

International Advisory Committee, and a Leadership Council. Continuity

and cross-sector communication within the different program elements was

facilitated by a Secretariat based at the Barcelona Centre for International

Health Research (Hospital Clı́nic, Universitat de Barcelona), led by

Almudena Legarda in close collaboration with Jessica Milman at the Bill &

Melinda Gates Foundation. Very special thanks to Matiana González-
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Review

A Research Agenda for Malaria Eradication: Basic Science
and Enabling Technologies
The malERA Consultative Group on Basic Science and Enabling Technologies"*

Abstract: Today’s malaria control efforts are limited by
our incomplete understanding of the biology of Plasmo-
dium and of the complex relationships between human
populations and the multiple species of mosquito and
parasite. Research priorities include the development of in
vitro culture systems for the complete life cycle of P.
falciparum and P. vivax and the development of an
appropriate liver culture system to study hepatic stages.
In addition, genetic technologies for the manipulation of
Plasmodium need to be improved, the entire parasite
metabolome needs to be characterized to identify new
druggable targets, and improved information systems for
monitoring the changes in epidemiology, pathology, and
host-parasite-vector interactions as a result of intensified
control need to be established to bridge the gap between
bench, preclinical, clinical, and population-based sciences.

Introduction

The current malaria control effort has focused on developing

existing products and procedures (for example, drugs and the

distribution of bednets) to reduce malaria morbidity and mortality.

However, it is commonly accepted that eradication will not be

achieved with current tools. Thus, we must now accelerate the

development of a new generation of tools and knowledge aimed

specifically at malaria eradication. As we look towards this

ambitious goal, we must recognize that cutting-edge basic science,

novel research strategies, and creative multidisciplinary approach-

es all need to be mobilized to bridge the gap between bench,

preclinical, clinical, and population-based sciences. The malaria

science community is now at a turning point where major

advances are needed to move the field forward from control

towards the goal of global malaria eradication.

The malERA Consultative Group on Basic Science and

Enabling Technologies was convened to identify the major

knowledge gaps in basic science and to prioritize basic/

fundamental science approaches that might have an impact on

malaria eradication, particularly with respect to the design of

vaccines, drugs, and diagnostics. We recognize that there are likely

to be many more research questions that merit equal importance

in the broad field of malaria biology than we can cover in this

paper, but herein we highlight only those approaches that were

discussed by the consultative group and that may have a direct

bearing on malaria eradication.

Leading the charge are new molecular, chemical, immunolog-

ical, and epidemiological research tools that, whilst requiring

adaptation to malaria, have realizable rewards in the near future.

In particular, developments in systems biology, metabolomics,

glycomics, and lipid metabolism and new high-throughput

approaches involving chemical biology are likely to be of great

use in the field of malaria eradication. From these new avenues of

investigation, it is reasonable to expect advances in vaccine

development and the identification of novel drug targets.

Moreover, the interlacing of high-throughput molecular technol-

ogies with population studies will greatly facilitate the rational

application of interventions in diverse malaria-endemic environ-

ments and, we anticipate, will significantly increase our ability to

shed light on complex and heterogeneous host-parasite-vector

interactions.

At the basic science level, we specifically identified a deeper

understanding of the whole parasitic life cycle and the interaction

of the parasite with human and vector hosts at different stages as a

high priority. Such knowledge will augment our ability to evaluate

current and future interventions and allow us to determine the

potential action of drugs or vaccines across all parasite

developmental stages. In addition, a life cycle–based perspective

will provide insights into the transitions from one host to another

and highlight key points, triggers, decisions, and co-incident events

as the parasite moves from one life stage to the next that could

prove crucial in malaria eradication attempts.

Most importantly, the consultative group recognized that

multidisciplinary approaches will be required to exploit and apply

new knowledge and techniques in order to make significant and

novel gains in combating malaria. The malaria community needs

to involve experts who can bring technologies from other

seemingly distant areas of basic and applied research such as

physics, electronics, information technology, and engineering. By

defining desired outcomes, free from the constraints of precon-

ceived ideas based on current tools, an expansion of the malaria

research community skill base will create opportunities for lateral

thinking and bring with it new approaches not previously

considered.

This paper considers the key research priorities identified by the

malERA Consultative Group for basic sciences and enabling

technologies. Some of these key priorities have also been identified
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and discussed by the malERA Consultative Groups on vaccines,

drugs, and diagnoses and diagnostics [1–3].

Plasmodium In Vitro Culture Systems

The development of Plasmodium in vitro culture systems that

encompass the entire parasite life cycle of P. falciparum and P. vivax

is critical for efforts to develop new vaccines, drugs, diagnostic

tests, and challenge/test systems for clinical trials. The develop-

ment of such systems will require a sustained community-wide

collaborative effort and a long-term commitment. Specific stages

of the life cycle for human malaria parasites that remain key

priorities for in vitro culture development are sporogony, sustained

blood-stage culture for P. vivax, and the pre-erythrocytic liver stage.

In Vitro Culture of Mosquito Stages
To date, in vitro culture of mosquito stage parasites and, in

particular, in vitro development of sporozoites (sporogonic

development) has only been achieved for rodent malaria parasite

species; the reproduction of these achievements for P. falciparum—

and even more so P. vivax—has met with limited success [4–10].

The need for an effective, in vitro sporogonic culture system is

highlighted by the following example. In Brazil, the major local

vector Anopheles darlingi cannot be reared in the lab and, as in other

malaria endemic countries, the importation of laboratory colonies

of nonindigenous vector species is understandably prohibited.

Such a situation makes it difficult for endemic country scientists to

address one of the key issues pertaining to eradication—parasite

transmission through the mosquito. Moreover, despite several

attempts in the past, an appropriate Anopheles midgut cell line

model does not exist, which prevents an intimate analysis of

Plasmodium ookinete invasion of this mosquito tissue [11]. Thus, to

facilitate malaria control efforts in Brazil (and in other endemic

areas), it is essential that researchers work towards the develop-

ment of a simple, widely utilizable, and robust mosquito-free

(axenic) sporogonic culture system and an in vitro midgut cell

invasion assay for the major human malaria parasites.

P. vivax Blood-Stage Cultures
The availability of continuous in vitro blood-stage culture of P.

falciparum has revolutionized our understanding of the parasite

[12], but there is no analogous culture system for P. vivax research.

In part, this is because P. vivax has a predilection for reticulocytes,

a cell type that may need to be purified or generated from

hematopoietic stem cell progenitor cells—a process that has met

with only limited success [13–19]. The development of an efficient

inexpensive, automated P. vivax blood-stage culture system would

undoubtedly enhance the study of this parasite’s biology. It would

also enable in vitro drug susceptibility testing, the development of

growth inhibitory assays to test humoral immunity, and,

ultimately, the development of new genetic research methods.

Importantly, both the asexual and sexual stages would become

available for study, which would facilitate the generation of the

other stages of the life cycle using defined parasite strains, without

the requirement for primates.

Liver-Stage Cultures
Our current understanding of the biology of the parasite’s liver

stage (the hypnozoite stage) suggests this stage will be an important

target in efforts to eradicate malaria [20]. Specifically, hepatic

development occupies a critical position in mediating the

establishment of blood-stage infection and, consequently, the

transmission of malaria. Moreover, in the case of P. vivax, the

dormant hypnozoite stages remain in the liver for a variable and

protracted period before leading to relapse. Clearly, eradication of

P. vivax (and P. ovale) is unlikely to be attained without developing

effective hypnozoiticides.

The availability of a Plasmodium liver-stage model would allow

the investigation of the host factors that are involved in primary

and latent intrahepatic development and of the metabolic

pathways that regulate development of this parasitic stage. In

addition, the existence of such a model would allow the

development of much needed drug screens for this stage that

could, like the recently available drug screens for asexual blood-

stage infections [21–27], take advantage of the unprecedented

access to the three chemical compound libraries—GlaxoSmithK-

line’s Tres Cantos Antimalarial TCAMS dataset [24], the

Novartis-GNF Malaria Box Dataset, and the St. Jude Children’s

Hospital Malaria dataset [25]—that are hosted at ChEMBL-NTD

(www.ebi.ac.uk/chemblntd), an Open Access repository of prima-

ry screening and medicinal chemistry data.

Finally, with the resurgence in interest in genetically attenuated

or irradiated sporozoite-based, pre-erythrocytic vaccines [28,29], a

liver-stage model would permit investigation of the molecular basis

of their developmental arrest—an understanding that will be

critical in both the licensing of such vaccines and in ensuring that

breakthrough infections do not arise.

Thus, the development of in vitro systems to understand

hypnozoite biology as it relates to liver-stage biology is a clear

priority. However, the culture of parasites through the liver stage is

likely to be a significant challenge given the intractability of this

stage relative to other life stages. Such an endeavour will require a

highly collaborative and interdisciplinary approach that includes

specialists in the fields of hepatocyte and stem cell biology as well

as biomedical engineering. The development of hepatocytes that

maintain their polarity and normal trafficking properties is a

necessary step towards this kind of model, as is development of

primary or immortalized hepatocyte cultures with sufficient life

span to allow hypnozoite formation and survival [30–34]. Cell

lines that allow high infectivity and that can yield high parasite

numbers would be especially valuable for generating more useful

quantities of parasite material with which to work. Moreover, a

single hepatocyte line may not be amenable or useful to all the

different subdisciplines present in the malaria community. Some

may be appropriate for immunological studies, while others may

Summary Points

N Creative and collaborative multidisciplinary basic science
approaches are needed to address pressing questions
about the biology of Plasmodium

N The research paradigm needs to shift from a focus on
solely parasite or host to one that incorporates the triad
of parasite, mosquito, and human host and their
respective interactions

N Key research priorities include: the development of in
vitro culture systems for all life stages of P. falciparum
and P. vivax, in particular, hepatic stages; improved
genetic technologies for the manipulation of Plasmodi-
um; and systems-based approaches incorporating cut-
ting-edge technologies such as metabolomics

N Parasite, human, and vector research needs to be backed
up by in-depth population-based field studies

N Most importantly, eradication of malaria will require
bridging of the artificial gap between bench-based
research, preclinical research, clinical research, and
population-based science
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be suited to drug studies against primary or relapse infection from

hypnozoites [1,2]. Finally, it should be noted that the possibility of

using humanized mouse models engrafted with functional human

cells and tissues, including human hepatocytes or human

hematolymphoid cells, presents a unique in vivo approach that

could also facilitate our understanding of Plasmodium liver-stage

biology [35].

Primate Models of Disease

Not every aspect of parasite biology can be studied using in vitro

culture. In some cases, whole animal models will be needed. For

example, validated biomarkers for intrahepatic development and

markers of past infection that could help distinguish between new

infection and relapse will be important during elimination and can

only be identified in whole animal models [3,36]. Data from

primate studies could provide an interim platform for developing

novel diagnostics that could inform future work in parallel with in

vitro models [37–39]. Mechanisms to support cross-institute/

laboratory collaborations and access to the few centres with

expertise and resources in primate/malaria research would

facilitate and enhance a wide range of essential research.

Development of Genetic Tools for P. vivax and
Approaches for Systematic Mutagenesis in
Plasmodium

Major advances towards understanding fundamental aspects of

model organisms inherently follow technological innovations that

move fields in new directions. Thus, the ability to manipulate the

genomes of different Plasmodium species has revolutionized malaria

research. Nevertheless, we are still a long way from the systematic

use of reverse genetics seen in other model systems such as yeast.

For example, although the P. falciparum genome was completed

more than 5 years ago, as many as half of the annotated genes are

still listed as having a hypothetical or unknown function; around

90% of the genes have little biological evidence for function.

Furthermore, little is being done currently to coordinate the study

of individual genes or gene families, with the exception of recent

efforts to systematically define the function of proteins involved in

erythrocyte remodeling and export [40].

Despite many recent improvements to genetic technologies in

Plasmodium, many roadblocks that prevent scale-up of genetic

manipulation and functional analysis of essential genes need to be

overcome [41–44]. These roadblocks include the low frequency of

homologous recombination in Plasmodium, difficulties associated

with the manipulation of large fragments of AT-rich and repetitive

genomic DNA, and the lack of robust and scalable systems for

conditional gene expression. In addition, there are no practical

strategies for achieving saturation mutagenesis. Technologies to

tackle some of these roadblocks are available for other organisms

[45,46] and need to be introduced to the malaria research agenda.

If these technical limitations can be overcome, systematic

mutagenesis on a genome-wide scale will allow us to distinguish

essential from redundant metabolic pathways and will be critical to

obtaining a comprehensive picture of the stage-specific biology of

the parasite that could be targeted with drugs or vaccines. Stable,

conditional knock-out approaches for genes that are essential in

one life stage but not in another would also identify potential drug

targets. Improved genetic technologies will also enable the

systematic production of large-scale repositories of gene knock-

out or epitope-tagged versions for every plasmodial gene. Such

community resources would avoid duplication and benefit from

the economy of scale. More importantly, easy access to large

numbers of mutants would inspire new experimental approaches,

as they have in the yeast field [47–49], and widen access to genetic

technology.

Finally, the recent completion of several parasite and mosquito

genomes [50–54] and new insights into the contribution of human

and mosquito host genotype to transmission have radically

changed how researchers approach malaria. This information,

together with an internationally accessible repository of transgenic

lines for every Plasmodium gene, will change the way that the

research community approaches the most basic and relevant

questions related to Plasmodium biology (of all species) and

interactions of the various Plasmodium species with their hosts.

Metabolomics

As with genomic innovations, new technological platforms that

permit the deep characterization of the metabolome (complete set

of small-molecule metabolites) of Plasmodium will identify new

potentially druggable targets [55,56]. Indeed, analysis of the

parasite’s metabolome is already revealing profound new insights

into parasite biology that were not amenable to or that were

missed by genomic approaches [57–59]. For metabolites that are

readily identifiable, differences among parasite strains, under

varying drug conditions, or in mutant backgrounds will enhance

understanding of the known metabolic pathways present in

Plasmodium spp. However, many of the measurable compounds

are likely to derive from previously undetected novel metabolites

(including the products of poorly understood lipid and carbohy-

drate metabolism). The identification of these compounds could

yield key insights for the development of new antimalarial drugs or

the control of drug resistance. Moreover, the identification of the

metabolic similarities between different parasite stages could

provide new approaches to the development of drugs with

potential to kill the parasites at many points in their life cycle,

possibly in both the human host and the mosquito vector [58–61].

Metabolomic approaches should also enable identification of

metabolic differences between, for example, patients who are

asymptomatic and those with advanced stage cerebral malaria (or

other severe syndromes). Metabolomic studies of such samples

may not only provide information about the state of the host, but

also about the interaction between the host and the parasite. The

Consultative Group felt that such studies, which bring together

bench scientists and field clinicians, should be encouraged as the

true picture of the diversity of metabolic effects can only be fully

appreciated from field-derived samples. Finally, the group noted

that the application of metabolomic technology will be particularly

powerful in unraveling the biochemical strategies of parasites with

no or poor genomic resources such as P. ovale or P. malariae.

The Importance of Relating Molecular Science to
Field Science

The emergence of artemisinin resistance [62,63] and changes in

the interrelationships of humans, mosquitoes, and parasites as

elimination proceeds will produce unexpected new challenges.

The Consultative Group, therefore, considered it a priority to

establish information systems for monitoring the changes in

epidemiology, pathology, and host-parasite-vector interactions

that result from intensified control and burgeoning elimination

efforts so that basic research can react in a timely manner to

changing circumstances (see also [36,64]).

Indeed, a core theme in our discussions was that, throughout

the eradication era, basic science and multidisciplinary approaches

must be seen as integral components of a Malaria Eradication
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Research Agenda that are valuable even in the absence of clear

field application because one can never predict the impact of novel

insights. Enabling technologies cut across many themes in this

agenda (see Box 1), and the application of basic science in the field

is especially important. For example, genomic, proteomic, and

high-throughput immunological methods can now be applied to

population studies, greatly increasing their ability to shed light on

complex host-parasite-vector interactions [65,66].

Human Host Factors and Improving
Epidemiological Models

No campaign for the control or elimination of malaria can

proceed without a detailed appreciation of the epidemiology of the

disease and of host-parasite-vector interactions. As increasing parts

of the world move towards elimination, a deeper understanding of

the basic science of host-parasite-vector population interactions in

disease transmission and of the changes in these interactions that

result from intensified control and elimination efforts will be

increasingly important [64].

For example, mixed species and strain infections are common in

natural malaria infections in both human and vector hosts [67,68].

Application of next generation high-throughput sequencing and

genotyping of mixed infections in both obligate hosts will help to

identify important target genes and phenotypes and will provide

insights into whether and how parasites impact each other’s

behaviour in the context of the human host and transmission

through the vector host that will be important as elimination

proceeds.

Similarly, a better understanding of the human response to

malaria will be increasingly important as elimination proceeds.

Despite many decades of studies on immune responses to

malaria, there is still no consensus on an immune correlate of

protection [69,70]. Well designed, longitudinal studies in which

the exposure to malaria and protection against uncomplicated or

severe malaria are reliably assessed are required to remedy this

shortcoming. Other modern technologies that offer new ap-

proaches to understanding the potential mechanism of action of

compounds or antibodies on malaria will also need to be fully

introduced into ongoing and planned longitudinal studies of

human populations.

Vector-Host-Parasite Interactions

Strategies aimed at decreasing mosquito life span are predicted

to impact upon transmission (see also [2,71]). Research that

investigates the parasite stages that develop within the mosquito

and their transmission through the vector is likely to be of great

use, therefore, in malaria control and eradication. Focused

research efforts designed to understand the epidemiology of the

gametocyte and how it varies with species, with host, and with the

environment are required. Insights arising from such research will

be critical for determining the driving factors for new human and

mosquito infections, and manipulation of these factors will open

up new avenues for targeting the key parasite regulatory switches

that occur when a parasite undergoes a transition event.

Importantly, however, such a focus on transmission need not

necessarily be aimed at finding a magic bullet—a compound that

can work against all parasite stages in all hosts. Instead, there will

be significant utility in developing several inhibitors with similar

pharmacokinetic and pharmacodynamic profiles that affect

different metabolic pathways and stages in a combined drug

treatment regimen. For now, the absence of compounds that

preferentially affect gametocytogenesis, gamete-ookinete, or ooki-

nete-oocyst transition as well as the lack of understanding of the

mechanism of action for those very few currently available

compounds highlights the need for renewed efforts in this area

[72].

Box 1. Enabling Technologies: Cross-Cutting
Themes

N Collaborative approaches that bridge the gap between
basic laboratory, preclinical, and clinical/population-
based sciences

N Complete P. falciparum and P. vivax in vitro culture
systems for the discovery of new targets, the character-
ization of the entire metabolome, and the evaluation of
current and next generation interventions

N Development and wide distribution of several viable,
easy to maintain polarized hepatocyte cell lines that
support enhanced (.2% infection) P. falciparum and P.
vivax intrahepatic development, and that are amenable
to metabolomic, proteomic, glycomic and immunolog-
ical studies, and the evaluation of new interventions

N Scalable genetic technologies that enable a shared
resource containing genome-wide sets of genetically
modified (knock-out/tagged) parasite lines (for P. falci-
parum, P. vivax, and the murine malaria parasites) to be
maintained

N Novel classes of molecules that can function as chemical
tools for probing the function of genes at transition
stages; most especially the commitment to dormant liver
stages and gametocytogenesis

Box 2. Summary of the Research and
Development Agenda for Basic Science
Research

N A research paradigm shift away from the ‘‘parasite-first’’
approach to an examination of what the human and
mosquito host cells provide to the developing parasite is
needed to complement on-going approaches

N A new approach is needed to support collaborative and
truly cross-disciplinary arrangements among scientists to
bridge the gap between basic laboratory and clinical/
population-based sciences and to meet the scientific
benchmarks outlined by malERA

N Desired target product profiles need to be defined
without preferred technological approaches being sug-
gested to create opportunities for lateral thinking by
experts bringing new approaches from different fields

N Careful evaluation and appropriate use of today’s
technologies from the physical, chemical, and biomed-
ical engineering sciences is needed to improve the
molecular understanding of parasite developmental
biology and of the mammalian host-parasite-vector
interactions

N Mechanism of action studies for drugs and vaccines in
the current pipeline are also needed to inform future
strategies for the development of the next generation of
interventions and therapeutics

N The study of human host and vector factors in large-
scale, long-term population-based field studies and the
use of appropriate technologies in translation applica-
tions is also essential.
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Concluding Remarks

From our discussions, we propose a basic science research and

development agenda for malaria eradication (Box 2) that will

hopefully yield new interventions that are not hindered by the

current drug resistance status of the parasites or by changes in

environmental and host factors.

Central to this agenda is our contention that the establishment

of a spectrum of creative and novel eradication interventions will

require a strong commitment to collaborative work, wherein

interdisciplinary teams of basic scientists, both within and outside

of the malaria field, are organized and tasked with achieving well-

defined research milestones. It is crucial that scientists have the

possibility and flexibility to move between the field and the bench

for collaborative translational research, an emerging specialty in its

own right. Once individuals embrace the diversity of expertise

necessary in the malaria research of the future, the promotion of a

greater collaborative culture will inevitably make translation from

bench to bedside more readily achievable. However, the 10–15-

year timeline of translation from the bench to practical use in the

clinic or field remains a significant barrier to progress that has to

be recognized. Finally and importantly, our challenge to basic and

applied scientists to engage in stronger partnership across projects

and disciplines overrides some of the current guiding principles in

science such as institutional and individual performance assess-

ments and impact factors. These criteria may have helped to shape

individual careers but they have rarely helped to answer major

public health questions and should not be allowed to interfere with

progress towards malaria eradication.
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Review

A Research Agenda for Malaria Eradication: Drugs
The malERA Consultative Group on Drugs"*

Abstract: Antimalarial drugs will be essential tools at all
stages of malaria elimination along the path towards
eradication, including the early control or ‘‘attack’’ phase
to drive down transmission and the later stages of
maintaining interruption of transmission, preventing
reintroduction of malaria, and eliminating the last residual
foci of infection. Drugs will continue to be used to treat
acute malaria illness and prevent complications in
vulnerable groups, but better drugs are needed for
elimination-specific indications such as mass treatment,
curing asymptomatic infections, curing relapsing liver
stages, and preventing transmission. The ideal malaria
eradication drug is a coformulated drug combination
suitable for mass administration that can be administered
in a single encounter at infrequent intervals and that
results in radical cure of all life cycle stages of all five
malaria species infecting humans. Short of this optimal
goal, highly desirable drugs might have limitations such
as targeting only one or two parasite species, the
priorities being Plasmodium falciparum and Plasmodium
vivax. The malaria research agenda for eradication should
include research aimed at developing such drugs and
research to develop situation-specific strategies for using
both current and future drugs to interrupt malaria
transmission.

Introduction

Antimalarial drugs are used to treat malaria illness, to prevent

both infection and disease caused by Plasmodia, to eliminate

dormant malaria parasites from the liver, and to prevent malaria

transmission. In the context of malaria elimination or eradication,

drugs have been used for both treatment and prevention in

situations where intensive surveillance has been used to identify

cases, and in mass drug administration (MDA) programmes

without regard for the presence of infection.

The malERA Drugs Consultative Group brought together

malaria biologists, drug developers, clinical investigators, and

control officials, and consulted outside experts on drug develop-

ment and disease eradication to identify and prioritize a

preliminary set of knowledge gaps and research questions that

need to be addressed to use drugs effectively along with other tools

to eliminate and ultimately eradicate malaria. The consultative

process was predicated on several key assumptions, and included a

review of the role of drugs in past and recent elimination

campaigns.

Several current research questions were identified that should

be high priorities whether or not malaria eradication moves

forward. However, the main work of the group was to draft a

research and development agenda that focuses on those new

research questions and knowledge gaps that arise specifically in

response to the call for malaria eradication and that would not

otherwise be at the top of the malaria research agenda. Thus, new

and better drugs for intermittent preventive treatment (IPT) of

malaria in pregnancy and molecular markers that can be used as

surveillance tools for monitoring artemisinin-resistant malaria are

both critically important research priorities, but are not specific to

the malaria eradication agenda, and are not discussed in this

paper.

In this paper, ‘‘eradication’’ refers to the interruption of

transmission and fall in disease incidence to zero worldwide,

‘‘elimination’’ refers to interruption of transmission and a fall in

disease incidence to zero in a defined geographical area, and

‘‘control’’ refers to reduction of disease incidence and burden to

the point where it is no longer a public health priority.

Starting Assumptions

The thinking of the malERA Drugs Consultative Group was

based on the assumption that malaria eradication is not possible

with existing tools, which include artemisinin-based combination

treatments (ACTs), long-lasting insecticide-treated nets, and

insecticide spraying. It is true that with this set of tools, dramatic

reductions in malaria have been achieved recently in many

countries, including some in Africa [1]. Malaria has even been

completely eliminated from some areas with low levels of

transmission and relatively sound health care infrastructure by

the World Health Organization (WHO) Global Malaria Eradica-

tion Program and by more recent elimination efforts [2].

However, it is the view of the malERA Drugs Consultative Group

that complete global malaria eradication will not be accomplished

within most of our lifetimes, and that new tools, including new

antimalarial drugs developed specifically for elimination indica-

tions, are essential to move towards and ultimately achieve this

ambitious but eminently worthy goal. Our thinking was also

predicated on the assumption that these new tools will need to be

used in combinations with each other.

Review articles synthesize in narrative form the best available evidence on a topic.
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The reasons for these first two starting assumptions include the

critical fact that eradication entails the complete elimination of any

latent or persistent parasite reservoir in the human population.

The complex life cycles of the five malaria species infecting

humans present different challenges. Malaria parasites can persist

for years without causing symptoms, both in the liver (in the case

of P. vivax and Plasmodium ovale), and in the blood (Plasmodium

malariae), and low-level infections that cannot be detected by

standard diagnostic methods can nevertheless propagate transmis-

sion. Eradication of targeted malaria species is therefore likely to

require drugs that can accomplish complete ‘‘eradication’’ of every

malaria parasite from the bodies of infected humans, including

those who are carrying very low levels of parasites that cause no

symptoms but that might be a source of transmission. Moreover,

we anticipate that eradication tools are likely to become

increasingly compromised by the emergence and spread of drug-

resistant [3] and ‘‘vaccine-resistant’’ parasites [4] and of

insecticide-resistant mosquitoes [5], and we recognize that tools

and approaches that were successful in settings with reasonably

intact health care systems, functioning governments, and accessi-

ble populations, will be inadequate for the elimination of malaria

in the hardest-to-reach and most unstable corners of the malaria-

endemic world.

Moreover, although insecticides are appropriately credited for

much of the success of the first global eradication campaign

carried out in the mid-20th century, careful review of malaria

control and elimination efforts shows that treatment and

prevention with drugs have also been essential components of all

successful malaria elimination schemes. Similarly, although

smallpox has been eradicated and polio nearly so primarily

through the use of vaccines, for reasons elucidated elsewhere [6],

including the partial and temporary nature of naturally acquired

protective immunity to malaria, and the need to eliminate latent

infections that persist in the face of natural immunity, it is very

unlikely that malaria could be eradicated with even a highly

efficacious vaccine without concomitant use of drugs and

antivector methods. The notion that a single silver bullet in the

form of one brilliant technological advance could spell the end of

the single biggest killer of human beings for thousands of years is

appealing, but borders on magical thinking. We fervently hope to

be proven wrong on this point, and strongly encourage young

scientists to pursue brilliant technological advances and silver

bullets, but believe that investment in a variety of complementary

tools is needed.

Another of our starting assumptions was that although the

current scheme for malaria elimination described in the Global

Malaria Action Plan [7] calls for the elimination stage to begin

when control efforts result in a reduction in malaria incidence to

,1 case/1,000 population at risk, malERA should consider

research questions related to the possible role of new and old drugs

at all stages of malaria control and elimination. In particular, the

role of drugs in aggressive efforts to drive down high transmission

rates during the control phase of eradication—formerly and

perhaps more inspirationally called the ‘‘attack’’ phase—should be

considered. For example, drugs might be used in mass screening

and treatment or MDA campaigns, or as ongoing IPT intended to

reduce both morbidity and transmission.

Finally, we assumed that incipient elimination and eradication

efforts will likely focus initially chiefly on P. falciparum in Africa, but

that P. vivax will be a major focus outside of Africa, where it is the

most common form of malaria. P. vivax causes more morbidity,

severe disease, and death than is often appreciated [8]. It also

presents special challenges because of the relapsing liver-stage

parasites (hypnozoites) that are refractory to treatment with most

antimalarial drugs, and it will increase in prominence as rates of

falciparum malaria decrease. We therefore assumed that research

and development will proceed in parallel to develop drugs that can

be used to eliminate P. falciparum and P. vivax, ideally drugs that

target both species, although better species-specific drugs are also

likely to make a great contribution. Eventually, the other human

malarias, P. malariae, P. ovale, and Plasmodium knowlesi, may have to

be considered as specific targets for global eradication as their

impact is modified by control or elimination of the other species,

although it is hoped that these minority species will be eliminated

in a collateral fashion by tools aimed at falciparum and vivax

malaria.

What’s New about the Approach to Drugs in the
Context of Elimination?

In the first malaria eradication campaign, antimalarial drugs

were considered for their role in eliminating infection in people

and thus reducing the infectious reservoir. Subsequently, there was

a reorientation towards thinking about controlling malaria as a

disease rather than as an infection, with more emphasis on

preventing clinical complications and death [9]. There was less

concern about curing infection in settings where rapid re-infection

was guaranteed. To prepare for a long-term approach to

elimination, it is necessary to revive the earlier paradigm and

again think about malaria drugs and other interventions in terms

of their impact on malaria infection and transmission in addition

to their use in the prevention and treatment of malaria disease.

‘‘Elimination thinking’’ also underlies the concept of adding anti-

gametocytocidal drugs to the treatment of malaria in areas such as

Cambodia [10] where resistance to ACT drugs is being observed

[11,12].

Current Drug Indications
We identified several high priority research areas that need to

be addressed urgently regardless of whether the world mobilizes

for a renewed effort to eliminate malaria. The first such area is

optimization of the use of ACTs and other currently available

antimalarial drugs to maximize their useful lifespan. Approaches

to achieve this optimization include the rational design of drug

combinations with well-matched pharmacokinetic and pharmaco-

dynamic profiles, operational research to increase uptake of

coformulated ACTs while minimizing the use of artemisinin

monotherapy and suboptimal dosing, and the evaluation of

strategies to reduce relative pressure for emergence and dissem-

ination of resistance [13,14].

The second high priority area is continued research and

development to make new drugs available to replace current drugs

(in particular, artemisinins) as resistance emerges. Specific

priorities include first-line drugs for treating uncomplicated

falciparum and vivax malaria, drugs to treat severe malaria, drugs

for IPT of infants, pregnant women and children, drugs for travel

chemoprophylaxis, and anti-relapse drugs to cure the liver stages

of P. vivax.

Research is also needed to elucidate the pharmacokinetics and

pharmacodynamics and optimal dosing of drugs used to treat and

prevent malaria, especially in understudied vulnerable groups

including pregnant women, young children and infants, as is

operational research and research into improved diagnostics, and

into monitoring to optimize drug deployment strategies and

facilitate control efforts using currently available antimalarial

drugs.

Although malERA’s charge was to identify new research

questions and knowledge gaps that arise in response to the call
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for malaria eradication, several of these research areas—for

example, maintaining the development pipeline of first-line drugs

to treat uncomplicated falciparum malaria—will have to be

addressed for eradication to succeed. But, while it is extremely

important that this pipeline continues to flow whether or not

global malaria eradication is being attempted, the malERA Drugs

Consultative Group did not focus on defining the optimal

characteristics of drugs for treating this or other clinical malaria

syndromes. Instead, we focused on drugs that would be needed

specifically for the purposes of eradication, noting, for example,

the need for widespread use (possibly in whole asymptomatic

populations) of drugs with better safety profiles than would be

required for treatment of individuals with potentially life-

threatening clinical malaria.

New Drug Indications in the Context of Eradication
Table 1 lists the current indications for antimalarial drugs, and

considers the relevance of these for the specific goal of malaria

eradication. For example, suppressive prophylaxis, which prevents

malaria disease but that does not prevent and may even augment

transmission, is not a relevant indication for malaria eradication.

It is reasonable to assume that drugs that target P. falciparum will

generally be effective against P. malariae, and that those targeting

P. vivax will be efficacious against P. ovale and P. knowlesi. This

assumption is based on limited experience with current drugs, and

should be tested by routinely including patients infected with these

minority species in drug trials. No single trial would include

enough cases of the minority species to provide a meaningful

measure of efficacy, but pooling data from many trials using a

global database such as the Worldwide Antimalarial Resistance

Network (WWARN; www.wwarn.org) [15] would, over time,

permit estimation of efficacy of commonly used drugs against these

species. Importantly, the recent identification of the monkey

malaria P. knowlesi as a widespread and potentially life-threatening

human pathogen [16] suggests that vigilance for transfer of other

nonhuman primate malarias to humans and the determination of

which drugs are effective against these emerging diseases may be

necessary in the late stages of elimination.

Lessons Learned from Past Malaria Elimination
Programmes and Efforts to Eradicate Other
Diseases

As a matter of priority, experienced malariologists need to

dedicate substantial time and effort to detailed analytical reviews

of published and unpublished information on past elimination

efforts. Here we briefly summarize a few of the insights gained

from malERA reviews of some of the available material, including

a dissection of the Global Malaria Eradication Program [17], and

a broad overview of lessons learned from past malaria elimination

efforts published by the Malaria Elimination Group [18]. In

particular, we note the need for a much more comprehensive

review of the use of drugs in past elimination efforts, which

includes careful analysis of factors leading to success or failure (see

Table 2).

Importance of Single-Encounter Therapy
For smallpox, the only infectious disease that has been

eradicated, a single-dose vaccine was available that could emulate

the lifelong protective immunity that results from natural infection.

Similarly, the drugs that are presently being used in large-scale

infectious disease control and elimination programmes such as

those for onchocerciasis and trachoma can be administered in a

single encounter once or twice a year. Discussions with leaders of

these campaigns highlighted the notion that single-encounter

interventions are an essential requirement for successful elimina-

tion campaigns. Notably, however, the antimalarial drug regimens

that were used with varying success to eliminate malaria from Italy

[19], the former Soviet Union [20], and various islands such as the

Vanuatu island of Aneityum [21], have involved complex

regimens of multiple administrations of at least two drugs usually

repeated at frequent intervals for prolonged periods of time. We

Table 1. Indications for antimalarial drugs in the present control era and their relevance in the eradication era.

Indications for Antimalarial Drugs in the Control Era Relevant to Malaria Eradication?

Prophylaxis

Causal prophylaxisa Yes, completely blocks infection and thus transmission

Suppressive prophylaxisb No, does not prevent, and may augment, transmission

IPT of pregnant women, infants, or children Maybe, but only if transmission-blocking drugs are used in a high proportion of the
infected reservoir, essentially amounting to intermittent MDA

Treatment of disease

Uncomplicated malaria

P. falciparum and P. malariae Maybe, treatment indications for specific clinical syndromes are not directly relevant
to the goal of eradication unless treatment drugs have transmission-blocking efficacy;
widespread use of treatment drugs with antiliver stage and gametocytocidal activity
would contribute to transmission reduction.

P. vivax and P. ovale As above

Severe malaria As above

Antihypnozoite (liver-stage radical cure) Yes, high priority

Transmission blocking Yes, high priority

aCausal prophylaxis targets pre-erythrocytic liver stages and, if effective, prevents any parasites from reaching the blood state or being transmitted to mosquitoes.
bSuppressive prophylaxis is repeated subcurative dosing that suppresses blood-stage infection and prevents malaria illness but does not eradicate malaria infection or

prevent transmission
doi:10.1371/journal.pmed.1000402.t001
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concluded therefore that while multiple dosing regimens of

multiple drugs have been used successfully to eliminate malaria

from areas with relatively good health systems and stable

populations, malaria eradication will require drugs that, ideally,

can be administered in a single encounter at infrequent intervals

(see Box 1).

Mass Drug Administration
MDA refers to the use of drugs to treat whole populations for

malaria, irrespective of, and without knowledge of, who is infected

[22]. Although this approach is not currently recommended,

antimalarial drugs have been used in MDA campaigns since at

least 1900, when subsidized and free quinine was distributed by

the Italian government for both suppressive prophylaxis and

curative treatment [19]. Suppressive prophylaxis reduces the risk

of acute malaria illness by controlling the level of infection without

ridding the body of parasites; curative treatment resolves an acute

malaria illness episode by eliminating all asexual blood-stage

malaria parasites and may or may not result in a fully sterilizing

cure; both approaches may either prevent, augment, or have no

effect on transmission to mosquitoes. The Italian MDA campaign

resulted in large decreases in malaria cases and mortality but not

interruption of transmission [19]. Malaria was only finally

eliminated in Italy when DDT spraying was aggressively deployed

after World War II in combination with systematic diagnosis and

quinine treatment and mass quinine prophylaxis.

In the former Soviet Union, mass chemoprophylaxis with blood

schizonticides (drugs that kill the blood-stage malaria parasites that

cause disease but that do not usually affect either liver-stage

parasites or the sexual stage gametocytes that transmit malaria to

the mosquito) was administered each year at the peak of the

malaria season during the attack phase of elimination, then phased

out during the ‘‘consolidation’’ phase as the last remaining foci of

transmission were extinguished [20]. As malaria transmission risk

coalesced into localized ‘‘islands’’ of risk, the entire local

population was given both a blood schizonticide and an 8-

aminoquinoline 2–3 weeks before the start of the malaria season.

8-aminoquinolines are active against gametocytes as well as

against P. vivax and P. ovale relapsing liver forms; examples of 8-

aminoquinolines include plasmocide and quinocide (now super-

seded drugs that were used in the USSR), the widely used and

licensed primaquine, and tafenoquine, which is still investigational.

Other examples of MDA campaigns include the Garki Project

in Nigeria, where simultaneous spraying and MDA significantly

but only transiently reduced malaria parasite prevalence rates

[23]. Similarly, mass chemoprophylaxis of a million soldiers used

in conjunction with insecticide-treated nets and spraying resulted

in the near-elimination of vivax malaria where it had reemerged

20 years after the Korean demilitarized zone had been declared

malaria free [24]. Most recently, mass administration of

artemisinin, piperaquine, and primaquine in Cambodia resulted

in dramatic reductions in the prevalence of P. falciparum, P. vivax,

and P. malariae, including a 10-fold reduction in the prevalence of

falciparum gametocytes, but not the complete interruption of

transmission [10]. Often, these schemes were implemented with

no clear idea of what the MDA programme was trying to achieve,

and in many cases political or economic factors were major drivers

[22]. However, the main factors that are common to successful

MDA schemes include a careful preparatory phase, social

mobilization, improvement of the health care infrastructure and

the inclusion of malaria control in comprehensive health care, and

the concomitant use of antivector measures.

Another common success factor is that MDA (like other malaria

elimination efforts) is more likely to work where malaria risk is

circumscribed, such as on sea islands or in ‘‘islands’’ of malaria risk

surrounded by areas with no malaria. Sustained interruption of

falciparum and vivax malaria transmission was achieved in 1996

Table 2. Past use of drugs in malaria elimination.

How Drugs Were Used in Elimination General Assessment

Curative therapy for cases detected through surveillance Essential component of all successful control and elimination programmes

Intensive, multidrug, multidose MDA used in conjunction with aggressive antivector
interventions (nets, spraying, larvicides)

Contributed to several successful elimination programmes

Less intensive MDA as a complement to less aggressive or subsequent antivector
interventions

Limited, transient, or no success at elimination

MDA as the main elimination measure Successful only in a few cases of isolated, stable populations

Medicated salt Mixed success and major drawbacks of danger of rapid selection for
resistance and safety issues

doi:10.1371/journal.pmed.1000402.t002

Box 1. Single Encounter Radical Cure and
Prophylaxis (SERCaP)

Currently, the goal of antimalarial drug therapy is to
reduce disease and death by targeting blood-stage
parasites, with an emphasis on falciparum malaria in
young children in Africa. This goal is accomplished by
prompt diagnosis and treatment of fever with effective
drugs such as ACTs. For eradication to be effective, drug
therapy must eliminate the human reservoir of infection,
an objective that is best achieved by Single Encounter
Radical Cure and Prophylaxis (SERCaP). Achieving the
objective in a single patient encounter is important for
effectiveness. Radical cure is defined as eliminating all
parasites in the patient; eradication of the disease on a
population basis can only be achieved by ‘‘eradication’’ of
the parasites in all individuals. For P. falciparum, this entails
the elimination of all persistent asexual blood-stage forms,
and the long-lived mature-stage V P. falciparum gameto-
cytes that are responsible for transmission. For P. vivax
malaria, radical cure includes elimination of all persistent
asexual blood-stage forms, and the long-lived hypnozoites
in the liver. Finally prophylaxis highlights the need to
prevent reinfection of each individual treated for some
defined period after treatment. This time should be at least
for 1 month, to outlast the typical development period of
Plasmodium parasites in Anopheline mosquitoes.
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on the Vanuatu island of Aneityum with an intensive MDA

regimen consisting of weekly chloroquine and primaquine for 9

weeks, sulfadoxine-pyrimethamine at weeks 1, 5, and 9, and

concomitant use of insecticide-treated nets and larvicides [21]. A

less intensive MDA regimen using three drugs at two-monthly

intervals followed by DDT spraying at the end of the campaign

had no measurable impact on overall malaria prevalence on the

island of Zanzibar [25], highlighting the need to deploy multiple

interventions aggressively and simultaneously to interrupt trans-

mission. Where there are large areas of contiguous malaria risk, as

in much of sub-Saharan Africa, the effectiveness of MDA has been

transient at best. However, high transmission intensity does not

necessarily preclude successful use of MDA; rather, high

transmission often signifies contiguity with surrounding areas of

malaria risk, with inevitable back-flow of infections unless MDA

and other interventions are applied widely and simultaneously

across the entire area of contiguous risk through transnational

cooperation, another factor that is common to successful MDA

programmes.

Finally, although MDA in the form of adding antimalarial drugs

to salt used for cooking and flavoring food had some success in

reducing malaria prevalence in large-scale pilot programmes in

Asia, Africa, and South America [26], the inability to control

dosage and the resulting rapid selection for drug-resistant parasites

make this an unjustifiable approach [22].

Long-Acting Formulations
Another creative approach from the past that may hold promise

for the future is the use of long-acting formulations. ‘‘Repository’’

formulations of malaria drugs to provide prolonged protection

were extensively researched in the early 1960s [27], and oil-based

depot injections of cycloguanil pamoate provided more than 1

year of protection against experimental challenge with P.

falciparum sporozoites [28]. These injections were evaluated in

at least 15,000 people, but never deployed as a tool for elimination

because of the attendant pain and local abscesses.

Key Knowledge Gaps and Research Priorities

On the basis of this initial review of past and present malaria

control and elimination efforts, the malERA Drugs Consultative

Group concluded that antimalarial drugs will be essential

components for elimination of malaria from endemic countries

and eventually for worldwide eradication. In the next step of our

discussions, we identified the key knowledge gaps about the role of

drugs in malaria eradication and research priorities for developing

and using drugs in malaria elimination and eradication pro-

grammes. We organized these knowledge gaps into three areas: (1)

the optimization of the use of currently available drugs for

elimination and eradication; (2) the development of new drugs for

elimination and eradication; and (3) the development of drug

Box 2. A Draft Research and Development Agenda for Drugs for Malaria Eradication

KNOWLEDGE GAPS AND RESEARCH PRIORITIES FOR OPTIMIZING CURRENT

DRUGS

N Pharmacology studies to optimize dosing regimens of 8-
aminoquinolines for gametocytocidal and anti-relapse
efficacy and safety

N Rapid and robust point-of-care glucose-6-phosphate de-
hydrogenase (G6PD) test to improve safety of 8-amino-
quinoline use

N Tests that can detect resistance to artemisinins and ACT
partner drugs

N Determine gametocytocidal and anti-relapse activity of
current drugs and those in the pipeline

KNOWLEDGE GAPS AND RESEARCH PRIORITIES FOR DEVELOPING NEW

DRUGS FOR MALARIA ERADICATION

Desired products

N Drugs that prevent transmission by killing or preventing
development of gametocytes, or blocking sporozoite
development in the mosquito

N Drugs that cure liver stages of vivax (and ovale) malaria

N Ideally, drugs that can be administered in a single
encounter at infrequent intervals, and that result in radical
cure of all parasite stages (Single Encounter Radical Cure
and Prophylaxis, see Box 1)

N Sustained or pulsed release formulations

N Exceptionally safe schizonticidal drugs for curing asymp-
tomatic falciparum infection

Fundamental research questions aimed towards develo-
ping desired drugs

N Fundamental studies of liver and sexual stage biology (in
both host and mosquito)

N Mechanisms of resistance and pharmacological strategies
to deter resistance

N In vitro culture of P. vivax to understand parasite biology

Tools and capacities

N Increased capacity for clinical pharmacology research
including pharmacokinetics/pharmacodynamics studies in
populations targeted for malaria elimination

N Increased capacity for human challenge studies for early
go/no go decisions on drug candidates

N Assays to measure transmission-blocking activity

N Assays to measure activity against liver stages

N In vitro culture of P. vivax and other non-falciparum species
for drug screening

N Genomic and proteomic approaches to identify transmis-
sion-blocking and liver-stage activity

KNOWLEDGE GAPS AND RESEARCH PRIORITIES FOR DRUG TREATMENT

AND PREVENTION STRATEGIES FOR ERADICATION

N Field studies to evaluate new drugs and approaches in a
variety of epidemiological settings

N Robust and highly sensitive malaria diagnostics for malaria
infection and especially for carriage of infectious gameto-
cytes

N Measures to monitor and improve adherence and safety

N How must drug treatment and prevention strategies
change as elimination proceeds?

N Strategies to deter resistance
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treatment and prevention strategies for elimination and eradica-

tion. The rest of this paper considers these areas, which together

make up the draft research and development agenda that we

propose in Box 2. Finally, we also briefly touch on cross-cutting

issues that require coordination with the other malERA groups.

Optimization of the Use of Currently Available
Drugs for Elimination

The time from lead identification of a new compound to a

licensed drug is measured in decades. Thus, the optimization of

existing tools for control and elimination must occur in parallel

with development of new tools for elimination and eradication. As

discussed earlier, one of the assumptions underlying the malERA

process is that global eradication of malaria cannot be accom-

plished with existing tools, but that malaria is being eliminated

from areas with relatively low transmission and relatively good

health systems using these tools. Consequently, in parallel with the

development of new drugs and other eradication tools, research is

needed to optimize drugs that can be used now to reduce malaria

transmission. The first section of Box 2 highlights priority

knowledge gaps and research questions related to currently

available antimalarial drugs. Most of these topics should already

be research priorities irrespective of malaria eradication. They are

highlighted here because they are essential for eradication but

relatively neglected. The most important knowledge gaps relate to

the use of 8-aminoquinolines and ACTs. 8-aminoquinolines are

the only drugs available today that can kill dormant liver stages

and gametocytes. Primaquine, the only currently licensed 8-

aminoquinoline, is routinely used to prevent relapses of P. vivax

and P. ovale and has played a prominent role in several successful

elimination campaigns; the long-acting 8-aminoquinoline tafeno-

quine is not yet licensed. ACTs, which are presently the first-line

treatment for both uncomplicated and severe falciparum malaria

in most of the world, are threatened by the recent emergence of

artemisinin resistance in Southeast Asia [12,29].

Research to optimize the successful use of these drugs to

eliminate malaria from the approximately 30 countries now

actively pursuing this goal represents ‘‘low-hanging fruit’’ that is

likely to yield high gains at relatively low cost over the next 5–10

years. While recognizing that global eradication will require

substantial investment in new tools, the large gains that can be

made and consolidated by making the most of the tools now in

hand should not be underestimated.

The paucity of information about pharmacokinetics, pharma-

codynamics, and rational dosing of drugs represents a critical

knowledge gap that needs to be addressed in order to use current

drugs in conjunction with other tools to reduce malaria

transmission, as well as to provide rationally designed treatment

strategies. The other top priority is the development of robust and

sensitive field diagnostics to guide drug interventions and to detect

carriage of gametocytes that are infectious to mosquitoes. This

type of research is also a priority for vaccine development [30].

Development of New Drugs for Elimination and
Eradication

The second section of Box 2 summarizes key knowledge gaps

and research priorities for the development of new drugs

specifically for elimination and eradication indications. Below,

we discuss some of these issues in more detail. Importantly,

because antimalarial drugs have not previously been licensed for

indications other than individual treatment, early and close

consultation with regulatory authorities will be needed for any

drugs used for elimination and eradication.

Targeting Liver and Sexual Stages and Greater Emphasis
on Safety

In 1957 Wallace Peters wrote, ‘‘Development of an 8-

aminoquinoline in depot form to give a safe and adequate blood

level should be attempted as this would be an invaluable weapon

against malaria if properly applied’’ [31]. More than 50 years

later, the dream of a safe, long-acting drug that eliminates malaria

infection by killing liver stages and that blocks transmission by

killing gametocytes remains both unfulfilled and a top priority. As

mentioned earlier, the only known antimalarial drugs that kill

dormant liver stages and gametocytes are the 8-aminoquinolines

primaquine and tafenoquine. Both of these drugs have a serious

flaw for a drug that would be used to eliminate infection and block

transmission in people who are not themselves acutely sick with

malaria—they cause hemolysis (destruction of red blood cells

leading to anemia) in individuals with glucose-6-phosphate

dehydrogenase (G6PD) deficiency, a red cell polymorphism that

is common in tropical populations because it is associated with

some degree of protection against malaria illness [32]. Any drug

used for malaria elimination in people who are not sick must have

a low risk-to-benefit ratio akin to the low risk-to-benefit ratios of

routine immunizations.

During its brainstorming sessions, the malERA drugs group

developed draft target product profiles (TPPs) for new drugs that

could be used for radical cure (including elimination of both liver

stages and gametocytes) of P. falciparum and P. vivax. These TPPs

(see Tables S1–S3) represent the ideal targets and a starting point

for discussion with drug developers. Drugs that fall short of these

ideals will still be of value for eradication, and adjudicating

between the ideal and the acceptable will be a dynamic and

continuous process. For example, the ideal drug would target all

malaria species, but it would not be prudent to reject promising

candidates that target only P. falciparum or P. vivax. Indeed,

depending on leads and progress, it is likely to be necessary to

pursue at least partly separate research agendas for these two key

species.

Ideal Pharmacokinetic/Pharmacodynamic Characteristics
An ideal eradication drug would have a short half life with a

sustained (depot-like) release followed by rapid elimination, and

would be deployed in combination with other drugs with matching

pharmacokinetic and pharmacodynamic profiles both to deter

resistance and to improve efficacy [13]. Such characteristics would

allow for rapid onset of action to exert quick killing, long duration

of action to permit administration in a single encounter at

infrequent intervals, and rapid clearance to avoid a long period of

sublethal drug levels conducive to selection for resistant parasites.

An intermediate goal may be to develop a safe product for delivery

at a single encounter of a curative dose of a drug that also offers 4

or more weeks of post-treatment causal prophylactic efficacy.

Antimalarial drugs with half lives in the range of weeks are

already available but do not offer the ideal pharmacokinetic/

pharmacodynamic profile of sustained or intermittent pulsed

killing levels followed by rapid drop-off to deter resistance.

Previous research on polymers for pulsed release of malaria

vaccines showed initial promise but was abandoned by WHO.

Nanotechnology may offer another approach for developing drugs

with the ideal pharmacokinetic/pharmacodynamic profile. Nano-

particle delivery of drugs and vaccines is in the early stages of

development, and one challenge for this form of delivery is the

limitation on the dose of drug that can be delivered. Highly potent
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drugs that require a low dose would therefore be most attractive

for this delivery method. Subcutaneous implants such as those

used to deliver birth control drugs also warrant consideration.

The malERA drugs group felt strongly that concerns of

impracticality and expense should not deter research into the

ideal pharmacokinetic/pharmacodynamic profile. Seemingly risky

approaches can and should be entertained in the quest for

solutions and evaluated for their potential. Speculation about the

ultimate cost of an intervention should not be the sole basis for its

rejection from further consideration.

In some circumstances, these ideal pharmacokinetic/pharma-

codynamic characteristics may be less critical, such as when drugs

are administered in settings or at times when there is very low or

no transmission. A specific example of this is the use of mass

treatment to eliminate the infectious reservoir at the nadir of

malaria transmission in settings with sharply seasonal malaria

transmission. Because there is a very low probability of parasites

encountering subtherapeutic drug levels in this setting, there may

be little disadvantage to drug combinations with mismatched

pharmacokinetic/pharmacodynamic profiles. This example high-

lights the importance of considering setting-specific epidemiology

and indications when thinking about desired characteristics of

drugs for elimination and supports the idea of tailoring TPPs to

specific indications on the basis of the parasites, human

populations, epidemiological settings, and stages of elimination

and eradication that are to be targeted.

Drug Resistance
It has been suggested that concerns about drug resistance and

strategies to deter it—for example, the obligatory use of

combinations of drugs with different mechanisms—may not be a

priority in the context of malaria eradication, because resistance is

unlikely to emerge and spread when transmission is very low in the

late stages of elimination. However, evidence suggests that drug

resistance can spread rapidly and become fixed in populations in

settings of low malaria transmission [33], and history amply

demonstrates the folly of counting on the efficacy of drugs to

endure in the face of widespread use [3]. Even at ‘‘the last mile,’’

when eliminating the last few cases of malaria from an area, the

risk of exporting malaria to, or reintroducing it from, other

malarious areas will remain. This risk will only disappear during

the final stages of global eradication when remaining foci are very

few and far between. For these reasons, it is important that the

development process for drugs and drug combinations for

elimination and eradication indications should attempt to build

in strategies for preventing and deterring resistance. These

strategies include combining drugs with different mechanisms of

action [34] or even drugs with opposing resistance mechanisms,

and coformulation of drugs.

Clinical Research
The current capacity for conducting both laboratory and

clinical malaria pharmacokinetics/pharmacodynamics studies is

very limited. Consequently, most antimalarial drugs are used in

risk groups and populations for whom there is little to no

information on optimal dosing for efficacy and safety. Careful and

rigorous clinical pharmacology studies will be needed for new

drugs and drug combinations for eradication, and robust methods

instituted for postlicensure marketing surveillance for side effects.

This research will require expanded capacity for drug level

measurements, pharmacokinetics analysis and clinical pharmacol-

ogy studies, and surveillance. As malaria incidence falls at

established malaria research sites, it is already becoming

increasingly difficult to meet sample size requirements for drug

efficacy trials. It may, therefore, become necessary to establish

mobile clinical trial networks or novel clinical trials designs (for

example, field trials in malaria-exposed populations that measure

gametocyte prevalence and infectivity) to assess the efficacy of

drugs for blocking transmission and preventing relapse and/or to

rely more on the use of experimental malaria challenge studies

[35] to evaluate drugs (and vaccines) for eradication.

Drug Treatment and Prevention Strategies for
Eradication

Although much can be learned from careful review of the role

played by drugs in past elimination programmes, creatively

designed prospective field research and pilot projects and

operational research to assess interventions as they are imple-

mented in different settings will be essential for the success of

malaria eradication (see the final section of Box 2). That is,

research is needed to understand when, where, and how to use

drugs to eliminate and eradicate malaria. For example, current

guidelines do not recommend MDA, and evidence from field

studies of the efficacy of specific interventions in specific

populations and epidemiological settings is needed to support a

change in this recommendation. Thus, the effectiveness of mass

screening and treatment of only infected individuals needs to be

compared with treating all individuals irrespective of whether they

are infected, as is done in MDA. Similarly, the effectiveness of

‘‘focal screening and treatment,’’ (a variation on mass screening

and treatment that uses molecular diagnostics to identify the

individuals to be given curative treatment) that is now being used

in an attempt to contain emerging artemisinin-resistant falciparum

malaria in western Cambodia [36] needs to be properly evaluated.

Furthermore, research is needed into the different drug

treatment and prevention strategies that will be needed for

different epidemiological settings at different stages of the

elimination process, and in settings with different levels of health

care infrastructure. Drug treatment and prophylaxis schemes that

are feasible and effective in stable rural populations with year-

round malaria transmission may be completely ineffective if

implemented in a setting with highly seasonal malaria, or

impossible in mobile populations or in areas of civil unrest.

Moreover, as transmission rates decline, so will levels of protective

immunity, resulting in fewer cases of infection spread across a

wider range of age groups. As reduced transmission is sustained for

years, asymptomatic carriage will become increasingly uncom-

mon, making MDA less attractive [37].

Research is also needed into robust and sensitive screening tests

to guide drug treatment and prophylaxis both for asexual parasites

and for infectious gametocytes and to evaluate the efficacy of drugs

(and vaccines) that are intended to block transmission. The current

gold standard, light microscopy, is insufficiently sensitive to detect

low levels of gametocytes that are nevertheless capable of being

transmitted, and current investigational assays that offer improved

sensitivity are not robust enough for field surveillance in most

settings, nor are they validated as predictive of infectivity.

Cross-Cutting Issues

Several important knowledge gaps and research priorities for

drug strategies cut across one or more of the technical areas

covered by malERA. For example, for any malaria research

enterprise to succeed, it is essential to engage scientists in endemic

countries to identify, prioritize, and refine research questions and

to design the most appropriate approaches. This process is

particularly important for research involving human-based

interventions such as drugs, because issues like population
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acceptance, adherence, and impact of epidemiological differences

on drug efficacy and safety require knowledge of local cultural,

political, ecological, and epidemiological factors. Other examples

of cross-cutting research issues include research into health systems

and how they deliver malaria interventions, operational research,

malaria modeling and research into monitoring and surveillance,

vaccines, and vector control. These cross-cutting issues are

addressed in the other malERA papers in this series [30,37–40].

Concluding Remarks

The potential list of research priorities for developing and using

drugs to eradicate malaria is as long as the list of research

interests of the individuals who participated in the consultative

process. To be useful in setting a research agenda for eradication,

however, the list must be focused and prioritized. This report

focuses on research goals that will be achieved largely in the

longer term, and these suggestions are passed to the rest of the

malaria community in the form of a draft research and

development agenda (Box 2) with a sincere request that the

whole of the malaria community uses its considerable wisdom

and experience to improve this agenda in the spirit of a shared

hope for a malaria-free future.
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Review

A Research Agenda for Malaria Eradication: Vaccines
The malERA Consultative Group on Vaccines"*

Abstract: Vaccines could be a crucial component of
efforts to eradicate malaria. Current attempts to develop
malaria vaccines are primarily focused on Plasmodium
falciparum and are directed towards reducing morbidity
and mortality. Continued support for these efforts is
essential, but if malaria vaccines are to be used as part of a
repertoire of tools for elimination or eradication of
malaria, they will need to have an impact on malaria
transmission. We introduce the concept of ‘‘vaccines that
interrupt malaria transmission’’ (VIMT), which includes not
only ‘‘classical’’ transmission-blocking vaccines that target
the sexual and mosquito stages but also pre-erythrocytic
and asexual stage vaccines that have an effect on
transmission. VIMT may also include vaccines that target
the vector to disrupt parasite development in the
mosquito. Importantly, if eradication is to be achieved,
malaria vaccine development efforts will need to target
other malaria parasite species, especially Plasmodium
vivax, where novel therapeutic vaccines against hypno-
zoites or preventive vaccines with effect against multiple
stages could have enormous impact. A target product
profile (TPP) for VIMT is proposed and a research agenda
to address current knowledge gaps and develop tools
necessary for design and development of VIMT is
presented.

Introduction

Vaccines are the most cost-effective tools for public health and

have been instrumental in previous elimination campaigns against

smallpox [1], polio [2], and measles [3,4]. Vaccines have also been

useful for sustained control of diseases such as neonatal tetanus [5],

and vaccines such as Haemophilus influenzae type b conjugate

vaccine have the potential to lead to elimination in some settings

[6].

Here, we discuss the research and development agenda for the

development of vaccines that can serve as key components of a

future arsenal of tools to eradicate malaria. Current efforts to

develop malaria vaccines are primarily directed towards reducing

the morbidity and mortality that are associated with malaria and

focus on P. falciparum. For example, the Malaria Vaccine Roadmap

[7] has a strategic goal of developing a vaccine with 80%

protective efficacy against P. falciparum by 2020. However, if

malaria vaccines are to contribute to programs for malaria

elimination, they will need to have an impact on malaria

transmission. The scientific and ethical basis for the development

of vaccines referred to as transmission-blocking vaccines (TBVs)

that specifically target malaria sexual stage antigens with the goal

of having an impact on transmission has been described previously

[8,9]. Here, we refocus attention on the development of vaccines

that can be used in concert with other malaria control

interventions to interrupt malaria transmission and eventually

contribute to the eradication of this disease. We also recommend

that vaccine development efforts need to pay attention to

Plasmodium species other than P. falciparum, especially Plasmodium

vivax, if malaria eradication is to be achieved.

Rationale of the Proposed malERA Approach to
Development of Malaria Vaccines

First, we introduce the broad concept of VIMT. VIMT may be

composed of one or more of the following components: classical

TBVs that target sexual and mosquito stage parasite antigens;

highly effective pre-erythrocytic vaccines that reduce asexual and

sexual stage parasite prevalence rates; highly effective asexual

erythrocytic stage vaccines that inhibit multiplication of asexual

stage parasites efficiently to reduce blood-stage parasite densities

and have an impact on malaria transmission; and vaccines that

target vector antigens to disrupt parasite development in the

vector. It seems obvious that a highly effective pre-erythrocytic

vaccine that prevents erythrocytic stage infection will reduce

transmission, but the effect of partially effective pre-erythrocytic or

asexual blood-stage vaccines on individual infectivity needs

investigation. A successful VIMT must primarily reduce malaria

transmission. However, VIMTs that include pre-erythrocytic and/

or asexual blood-stage vaccine components may also provide

individuals with protection against malaria. Such VIMT would

also protect the population against epidemic spread following

reintroduction of malaria after elimination, an important charac-

teristic given that the gains accrued through many years of

elimination can be rapidly reversed if malaria is reintroduced to a

population with no antimalarial immunity [10].

Second, the observed impact of concerted nonvaccine malaria

control efforts on transmission dynamics in several malaria-

endemic regions has shown that high-intensity transmission

settings (entomological inoculation rate, EIR .50) can be

Review articles synthesize in narrative form the best available evidence on a topic.

" Full listing of the members of the malERA Consultative Group on Vaccines can
be found in the Acknowledgments.

Citation: The malERA Consultative Group on Vaccines (2011) A Research Agenda
for Malaria Eradication: Vaccines. PLoS Med 8(1): e1000398. doi:10.1371/journal.
pmed.1000398

Published January 25, 2011

Copyright: � 2011 The malERA Consultative Group on Vaccines. This is an
open-access article distributed under the terms of the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduc-
tion in any medium, provided the original author and source are credited.

Funding: malERA received a grant from the Bill & Melinda Gates Foundation. The
funders had no role in study design, data collection and analysis, decision to
publish, or preparation of the manuscript.

Competing Interests: No competing interests: PLA, CC, VM, AS, DW. GB is the
Chair of MALVAC, Chair of the USAID Malaria Vaccine Development Program
Scientific Consultants Group, a member of the Board of Roll Back Malaria, and the
APMEN Advisory Board. RB is an employee of Glaxo SmithKline (GSK) and owns GSK
stock. GSK is developing malaria vaccines. At the time of the malERA meetings, RB
was employed by the Bill & Melinda Gates Foundation. CL states that the PATH
Malaria Vaccine Initiative has partnerships with several commercial entities
developing malaria vaccines. Each partnership has defined access conditions.

Abbreviations: TBV, transmission-blocking vaccine; TPP, target product profile;
VIMT, vaccines that interrupt malaria transmission

* E-mail: cchitnis@icgeb.res.in

Provenance: Submitted as part of a Supplement; externally peer reviewed.

PLoS Medicine | www.plosmedicine.org 1 January 2011 | Volume 8 | Issue 1 | e100039824



converted to low-to-moderate intensity transmission settings (EIR

,10) [11,12]. Implementation of VIMT together with such

control efforts may successfully drive down transmission rates to

reduce the effective reproduction rate (Reffective) to below 1.0.

Third, the consultative group introduces the concept of a

detailed TPP for this class of vaccines and urges that novel clinical

development methods and approaches be considered to shorten

the time to VIMT registration and implementation.

Fourth, the consultative group lays out a detailed research

agenda that must be developed, funded, and implemented in

parallel with VIMT development efforts. This agenda includes

development of critical tools that will be required to register and

implement such a vaccine. In particular, we identify the need to

develop robust assays to measure biologically relevant transmis-

sion-blocking activities at the individual level that are validated as

surrogates of reductions in transmission rates at the population

level. If this goal is achieved, such assays could become the key tool

for measurement of primary vaccine efficacy endpoints in

conditional registration trials, thereby simplifying the clinical

development program.

Finally, the consultative group considers that interested

industrial partners should be identified early on in development,

because expertise in applied immunology, vaccinology, product

development, manufacturing, and regulatory activities is concen-

trated within industry and will play an essential role in the

successful development of VIMT. In addition, it will be important

to engage with regulatory agencies to define efficient yet sound

regulatory strategies to develop and register new tools that can

meet the needs of global malaria elimination and eradication

efforts.

TPP for VIMT

A TPP is an industry-standard tool that gives clear guidance on

the critical characteristics of a candidate product under develop-

ment. TPPs are developed early in the development process and

ensure that research and development efforts are focused on those

activities that are necessary to develop a product that will meet the

needs of end users. Table 1 presents a TPP for VIMT. For each

characteristic in this TPP, we propose a ‘‘desired target’’

(aspirational) and a ‘‘minimally acceptable target’’ (must achieve).

A vaccine candidate that does not meet or exceed most, if not all,

of the minimally acceptable targets is likely to have a significantly

reduced likelihood of successful introduction and uptake.

P. falciparum and P. vivax are the two most common Plasmodium

species that cause human malaria. P. falciparum is responsible for

most malaria-related deaths. As a result, previous efforts to

develop vaccines for malaria have focused on P. falciparum, which

causes ,500 million cases of malaria annually and is critically

important for Africa. However, P. vivax causes significant

morbidity in other regions of the world including South and

Southeast Asia and Latin America with around 75–90 million

cases of P. vivax malaria reported annually [13]. Recent clinical

epidemiology studies have confirmed that P. vivax can cause severe

disease and may also contribute to malaria-associated mortality

[14–17]. Efforts to eliminate malaria outside Africa must therefore

address both parasite species. Ideally, VIMT should reduce

transmission rates so that Reffective for both P. falciparum and P.

vivax is driven to less than 1 and should provide protection against

clinical malaria caused by both parasite species. At a minimum

(and possibly more realistically), VIMT should achieve reduction

of transmission rates (Reffective ,1) of at least all P. falciparum strains

leading to elimination of P. falciparum when used in conjunction

with other control measures in elimination/eradication cam-

paigns.

As better control is achieved, exposure to malaria parasites will

decrease and ‘‘naturally acquired’’ immunity may play a

diminished role. The mechanisms of clinical immunity observed

in populations under high exposure may have little relevance as,

increasingly, most infections will occur in people with little

previous exposure. Therefore, our TPP specifies that a vaccine

intended to interrupt transmission should not presume an age-

specific risk or preexisting state of immunity against malaria

disease or transmission. It is likely that VIMT may need to be

implemented in the entire population.

Other ideal as well as minimally acceptable parameters for

VIMT include product presentation, dosage, storage, and

coadministration with other immunizations. These parameters

are detailed in Table 1.

Research in Support of Development of VIMT

Much of the ongoing work on malaria vaccine development has

focused on the development of interventions that address disease

manifestations and the work has been primarily focused on P.

falciparum. To support the development of vaccines and other tools

necessary for malaria eradication new dimensions need to be

added to the fundamental research portfolio (see [18] also). For

example, P. vivax needs to be added, and efforts need to be

refocused on the development of vaccines that target sexual and

mosquito stages of malaria parasites, which should interrupt

transmission. The expanded portfolio also needs to include more

research on vaccine delivery systems and adjuvants, the transmis-

sion dynamics and population biology of malaria parasites, and

measurements of transmission rates.

Human Malaria Parasites beyond P. falciparum
VIMT that target P. falciparum alone are likely to be deployed

only in regions where P. falciparum is the species predominantly

responsible for malaria. Regions where P. vivax is responsible for a

significant proportion of the malaria burden will require VIMT

that target both species.

Control efforts in regions where P. falciparum and P. vivax both

occur indicate that it is more difficult to reduce transmission of P.

vivax than of P. falciparum This increased difficulty is attributed in

part to the development of gametocytes earlier during blood-stage

Summary Points

N Vaccines for malaria eradication need to have an impact
on transmission rather than focusing on mortality and
morbidity reduction alone

N Vaccines that interrupt malaria transmission (VIMT) may
target many stages of the parasite’s life cycle, not just
the sexual and mosquito stages as in classical blocking
vaccines and multiple plasmodium species, in particular
Plasmodium vivax

N Novel vaccine delivery approaches and adjuvants need
to be developed

N Other priority areas for research and development
include the development of tools to measure transmis-
sion rates and the development of robust assays of
functional immune responses in individuals, which could
inform vaccine development

N A better understanding of the dynamics between the
multiplication of parasites, gametocytogenesis, and
malaria transmission rates in populations is also needed
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infections with P. vivax than is the case for P. falciparum, which

allows transmission before clinical symptoms are apparent. Other

factors contributing to the difficulty of reducing P. vivax

transmission include: the development of hypnozoites that remain

latent in hepatocytes and lead to blood-stage infections months or

even years later; transmission by outdoor biting mosquitoes; and

the ability of P. vivax to complete its life cycle in a wider range of

climatic and ecological conditions than P. falciparum. Because of

these unique features of P. vivax, traditional malaria control efforts

such as vector control, bednets, and early detection and treatment

Table 1. TPP VIMT.

Item Desired Target Minimally Acceptable Target

Indication The candidate vaccine is indicated for active immunization
of individuals for protection against P. falciparum and P. vivax
malaria and to achieve reduction of transmission rates of all
strains of P. falciparum and P. vivax so that Reffective ,1a.

The candidate vaccine is indicated for active immunization of
individuals to achieve reduction of transmission rates of all
strains of P. falciparum so that Reffective ,1a in conjunction with
other control measures.

Target populations The vaccine can be administered to all age groups and
populations, including pregnant women, persons with
immunodeficiencies, malnourished individuals, or
otherwise high risk populations.

The vaccine can be administered to otherwise healthy persons
who may transmit malaria, including infants, children,
adolescents, and adults in malaria-endemic regions.

Route of administration The vaccine is administered orally or by intramuscular or
subcutaneous injection or by other innovative device.

The vaccine is administered by intramuscular, intradermal
subcutaneous injection, or an innovative device.

Product presentation The vaccine is available in a single dose auto-disposable
compact prefilled device. Low multidose presentations
(ten doses/vial) are also needed.

The vaccine is provided as a lyophilized or liquid product in
single dose vials or an auto-disposable compact prefilled
device; or low-dosage (two doses) vials that may be
accompanied by a separate paired vial containing adjuvant/
diluents. A suitable preservative may be required for multidose
vials. Reconstitution may be required prior to administration.

Dosage schedule A single dose vaccine that can be administered by either
mass administration or clinic-based programs. Booster
dose may be required after 2 years.

A maximum of two to three doses of vaccine that can be
administered according to a schedule feasible for both mass
administration and clinical-based programs. A booster dose
may be necessary 4–6 months after the second dose and after 2
years.

Warnings and precautions/
pregnancy and lactation

The vaccine has a safety and reactogenicity profile
comparable to hepatitis B vaccine. The vaccine can be
safely administered to pregnant women. There should
be no increased risk of autoimmune or other chronic
diseases related to vaccination.

In young children, the vaccine has a similar safety and
reactogenicity profile to currently administered combination
vaccines such as DTPwHepBHib administered through EPI. In
adults, the vaccine has a similar safety and reactogenicity
profile as hepatitis B vaccine or tetanus toxoid. The vaccine can
be safely administered to pregnant women. There should be no
increased risk of autoimmune or other chronic diseases related
to vaccination.

Expected efficacy Reduces Reffective below 1.0 in a malaria-endemic
population and provides protection against P. falciparum
and P. vivax for at least 2 years.

When used in a malaria-endemic population that employs ITNs,
IRS, or other malaria control tools, further reduces Reffective to
below 1.0 for at least 1 year.

Coadministration The vaccine can be coadministered with any licensed
vaccine without a clinically significant interaction in relation
to safety or immunogenicity. For use in infants with other
EPI vaccines, specific coadministration studies must be
completed to demonstrate the noninferiority of responses
to EPI vaccines given in coadministration.

The vaccine will be given as a stand-alone product not
coadministered with other vaccines.

Shelf life The product must have a minimum shelf life of 36 months
and a Vaccine Vial Monitor should be attached (see [54]).

The product must have a shelf life of at least 24 months and a
Vaccine Vial Monitor should be attached (see [54]).

Storage The product must be stable at ambient temperature
and withstand freeze thawing.

At a minimum, vaccines should be stable at refrigerated storage
temperatures (2–8uC). New vaccines should be formulated to
maximize heat stability to improve effectiveness in light of the
challenges faced in distributing vaccines in developing
countries. Vaccine vial monitors should be included on all
vaccines in accordance with the WHO and UNICEF joint policy
statement and the WHO prequalification standards for vaccines.
In case of live, attenuated sporozoite vaccines, vaccine should
be stable at 270uC.

Vaccine vial monitors should be included on all vaccines in
accordance with the WHO and UNICEF joint policy statement
and the WHO prequalification standards for vaccines.

Product registration and
WHO prequalification

Product must be WHO prequalified (see [54]) and
registered with EMEA and FDA.

Conditional registration or recommendation by WHO or
competent NRA followed by a large impact study in phase IV.

Product must be WHO prequalified (see [55]).

aReffective, number of individuals who can be infected from a single untreated malaria case in an endemic area.
EMEA, European Medicines Agency; EPI Expanded Programme on Immunization; FDA, US Food and Drug Administration; NRA, National Regulatory Agency; IRS, indoor
residual insecticide spraying; ITN, insecticide-treated net.
doi:10.1371/journal.pmed.1000398.t001
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often fail to control P. vivax transmission. Vaccines that elicit long-

lasting immune responses that prevent infection or inhibit

gametocyte development or transmission of sexual stages are

likely to be more effective tools for control of P. vivax. Given that

latent hypnozoites can lead to blood-stage infections years after an

infective bite, it may be necessary to continue deployment of

VIMT that target P. vivax after elimination is achieved. An

alternative would be to develop vaccine components that can

target and eliminate hypnozoites. Design of such vaccines will

require better understanding of the unique aspects of the biology

of P. vivax hypnozoites at the molecular level.

Other Plasmodium species such as Plasmodium ovale and Plasmodium

malariae account for less than 5% of malaria cases worldwide.

Natural infection of humans by Plasmodium knowlesi has recently

been reported [19,20]. Thus, we need to be prepared for the

emergence of new Plasmodium species that can cause human

malaria. It remains to be seen whether these parasite species will

survive once efforts to eliminate P. falciparum and P. vivax are

successful. For now, then, efforts should be focused on developing

VIMT for P. falciparum and P. vivax malaria, but it will be

important to monitor the epidemiology of P. ovale, P. malariae, and

P. knowlesi as elimination of P. falciparum and P. vivax progresses.

Decisions to support development of vaccines that block

transmission of these parasite species may need to be made in

the future.

Discovery Research
Malaria parasites have a complex life cycle during which they

infect humans and are transmitted by Anopheline mosquitoes.

The successful completion of the parasite life cycle requires specific

molecular interactions between the parasite and various host and

vector tissues. A clear understanding of the molecular interactions

that mediate invasion of hepatocytes by Plasmodium sporozoites,

invasion of erythrocytes by Plasmodium merozoites, and traversal of

mosquito midgut epithelium by Plasmodium ookinetes may allow

the development of strategies to target these key interactions and

disrupt the parasite life cycle thereby reducing malaria transmis-

sion rates. It may be necessary to combine components that target

different stages of malaria parasites to achieve synergistic effects

that provide protection and reduce malaria transmission rates. For

example, partially effective pre-erythrocytic and blood-stage

components may not have any effect on transmission but the

addition of such partially effective components to classical TBVs

might allow the development of a multicomponent VIMT that can

reduce malaria transmission as well as provide protection against

malaria.

Targeting the Sexual and Mosquito Stages
Gametocytes are the source of the epidemiologically important

transmission of all malaria parasites. In P. falciparum, recent work

has demonstrated that the developmental switch from asexual

replication to sexual stage development occurs at the ring stage

and that all schizonts from that ring parasite are committed to

form gametocytes upon invasion of new red blood cells [21]. P.

falciparum then undergoes sequential development through five

distinct morphological stages to form mature male and female

gametocytes. Within the mosquito midgut, mature male and

female gametes are released and fertilization occurs to form a

zygote. The resultant motile ookinete passes through the midgut

wall, undergoes reduction division, and forms an oocyst. Each step

in this developmental pathway involves unique processes,

including the transcription of specific genes, the expression of

specific proteins, the upregulation of specific biochemical path-

ways, and the formation of new morphological structures.

Understanding the regulation of this developmental process could

be the key to developing new interventions that target sexual and

mosquito stages to interrupt transmission. For example, direct

targeting of the developing gametocyte has the potential advantage

of targeting a small subset of infected red blood cells that express

proteins or pathways specific to parasite sexual development. A

drug or a vaccine that could inhibit the initial switch to sexual

development, coupled with a vaccine that targets gamete antigens

might provide a powerful combinatorial approach to reduce

transmission (also see [22]).

There is a large body of work on the key antigens on the surface

of gametes of both P. falciparum and P. vivax [9]. Several of these

antigens have been tested in animal models as transmission-

blocking vaccines, at least two which have been tested in humans

[23,24]. A phase I trial of the P. vivax ookinete surface antigen

Pvs25 formulated with Alhydrogel demonstrated acceptable safety

and reactogenicity with induction of anti-Pvs25 immunoglobulin

G (IgG) with functional transmission-blocking activity in a

membrane-feeding assay. However, these data suggest that a

more immunogenic formulation would be desirable to achieve

higher transmission-blocking activity [23]. More recently, a trial of

ISA51 formulations of Pvs25 and Pfs25 was terminated because

of unacceptable reactogenicity [24]. The expression of correctly

folded Pfs48/45 gametocyte surface antigen has recently resulted

in a demonstration of transmission-reducing activity in sera from

immunized animals [25,26].

Targeting Pre-erythrocytic and Asexual Stages
Highly effective pre-erythrocytic stage vaccines can, in princi-

ple, reduce the prevalence of blood-stage parasites, including both

the asexual stages and the gametocytes. Such vaccines can provide

protection against malaria and reduce malaria transmission.

Immunization with irradiated sporozoites has elicited complete

protection against sporozoite challenge in experimental animal

models and in humans. Thus, in principle, it should be possible to

target pre-erythrocyte stage antigens to elicit complete protection

against parasite infection. Protective immune mechanisms elicited

by irradiated sporozoites are not well understood but are thought

to include antibody responses against sporozoite antigens that

prevent hepatocyte infection, and cellular responses that clear

infected hepatocytes. Better understanding of the correlates of

immunity elicited by immunization with irradiated sporozoites

could guide the development of highly effective pre-erythrocytic

subunit vaccines that both provide protection and reduce parasite

transmission. A recombinant vaccine based on the circumspor-

ozoite protein, RTS,S has been shown to elicit partial protection

against P. falciparum infection [27,28]. It seems unlikely, however,

that RTS,S will have significant impact on gametocyte prevalence

or affect malaria transmission.

Other vaccines based on irradiated sporozoites or genetically

modified attenuated sporozoites have provided protection in

challenge models [29,30]. Such whole organism attenuated

vaccines may provide effective protection against malaria and

significantly reduce parasite transmission. However, considerable

technological challenges in terms of manufacturing, formulation,

and delivery of such attenuated sporozoite vaccines need to be

overcome.

During P. vivax infections, some infected hepatocytes differen-

tiate into latent hypnozoite stages that can yield merozoites after a

long latency period. The biology of hypnozoites is very poorly

understood but the development of drugs or vaccines that can

clear hypnozoites is critical for success of efforts to eradicate P.

vivax [22]. The development of methods for in vitro culture of

hypnozoites could greatly help improve our understanding of this
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latent stage. In vitro culture of hypnozoites would allow the

application of whole genome approaches such as transcriptomics

and proteomics to the identification of parasite proteins expressed

in hypnozoites. It may be possible to elicit cellular immune

responses against such hypnozoite specific proteins to clear these

latent stages. Vaccines against pre-erythrocytic stages of P. vivax

that are effective against both developing and resident hypnozoites

would be of inestimable benefit in efforts to eliminate P. vivax.

Vaccines based on asexual blood-stage antigens may be effective

at reducing parasite densities and provide protection against

clinical disease but it is not clear whether such vaccines can reduce

malaria transmission rates effectively. Basic research is needed to

understand the dynamics of the relationship between asexual stage

parasite growth, sexual stage parasite densities in blood, and

individual infectivity or transmission efficiency. Recombinant

vaccines based on asexual blood-stage antigens tested in human

clinical trials have not yielded high rates of growth inhibition thus

far and are unlikely to have significant impact on gametocyte

prevalence or infectivity of individuals. Irrespective of whether

vaccines based on asexual blood-stage antigens can reduce sexual

stage parasite densities and reduce transmission, combinations of

asexual blood-stage vaccines with classical TBVs will enable

development of VIMT that provide direct benefit to vaccine

recipients by providing protection against clinical disease in

addition to reducing transmission.

Targeting the Vector to Reduce Malaria Transmission
As described earlier, Plasmodium parasites have an obligatory

development stage in the mosquito during which zygotes

transform into ookinetes that traverse the midgut epithelium to

establish oocysts on the outer wall of the midgut. Attachment and

invasion of the midgut epithelium requires specific interactions

between ookinete surface proteins and midgut receptors. A set of

conserved ‘‘invasion receptors’’ on the midgut of diverse

Anopheline species are used by Plasmodium ookinetes to attach to

the midgut epithelium [31]. Antibodies directed against such

receptors have been shown to block development of oocysts in

membrane-feeding transmission-blocking assays [31]. A vaccine

based on such conserved vector antigens should be effective

against all species of Plasmodium and obviate the need to develop

separate vaccines for different Plasmodium species. Moreover, since

such vaccines target vector antigens, parasite strain diversity,

which has been a major problem for malaria vaccine development,

will be overcome. Such novel strategies will require significant

fundamental research to understand vector-parasite interactions

[32].

Host-Parasite and Vector-Parasite Interactions
Plasmodium sporozoites invade human hepatocytes in a two-step

process. In the first step, sporozoites pass through multiple

hepatocytes by rupturing the plasma membrane of target

hepatocytes [33]. After traversing multiple hepatocytes, sporozo-

ites finally invade target hepatocytes by forming a parasitophorous

vacuole where they multiply and differentiate into merozoites.

Identification of key parasite proteins that mediate the two-step

invasion process could provide functional targets for intervention.

Sporozoite surface proteins such as the circumsporozoite protein

(CSP) and thrombospondin-related protein (TRAP) have been

shown to play a role in hepatocyte binding and invasion [34–37].

Both proteins contain functional cysteine-rich regions that share

homology with thrombospondin and that mediate attachment to

hepatocyte receptors. Antibodies targeting such functional regions

can block hepatocyte invasion. Vaccines that elicit high-titer long-

lasting antibodies against such functional domains might reduce

the prevalence of blood-stage infection effectively. Similarly,

antibodies targeting merozoite antigens such as the 175-kD

erythrocyte binding antigen (EBA175) [38–41], Duffy binding

protein [42], or PfRH proteins [43], which mediate critical

interactions with erythrocyte receptors, can inhibit multiplication

of blood-stage parasites. Ookinete antigens that interact with the

midgut wall to mediate traversal may also be useful as

recombinant malaria vaccine candidates that block parasite

transmission by mosquitoes.

Because processes such as host cell invasion involve multiple

steps, some of the processes highlighted above may be mediated by

multiple pathways that are redundant. As a result, effective

inhibition of host invasion by parasites may require targeting of a

combination of receptor-ligand interactions that mediate invasion.

A clear understanding of the sequence of events and functional

roles of different receptor-ligand interactions will be critical for the

development of vaccines that target multiple steps to provide

synergistic inhibition of invasion and parasite multiplication at

different stages of the parasite life cycle.

It will also be important to develop functional assays that can be

used to evaluate antibody responses against the parasite antigens

that mediate host cell invasion and transmission to mosquitoes.

These functional assays may directly test the inhibitory activity of

antibodies elicited by vaccine candidates against the biological

processes themselves or may be reduced to biophysical or

biochemical assays in which antibodies are tested for inhibition

of functions such as receptor binding or proteolytic cleavage that

are known to mediate the biological processes. Harmonization of

such assays is important so that results from different research

groups are comparable and to facilitate decision making for down-

selection of vaccine candidates during preclinical and clinical

development. Currently, there are no clear correlates of immunity

against pre-erythrocytic and blood-stage parasites. Immuno-assays

can be validated only once a vaccine demonstrates efficacy in a

clinical trial. Once an immune correlate for protection is

identified, it can be used for decision making in clinical

development.

Vaccine Delivery Systems and Adjuvants
The development of subunit vaccines will require the use of

potent adjuvants and/or efficient vaccine delivery systems to elicit

robust and sustainable immune responses. The unavailability of a

wide range of potent adjuvants with a proven safety record in

humans has been a bottleneck in the development of recombinant

protein–based vaccines for malaria. Better understanding of

mechanisms that activate the innate immune system might enable

the design of adjuvants that elicit potent immune responses.

Alternative methods to deliver antigens such as the use of virus-like

particles or prime-boost strategies that use combinations of

different viral vectors (e.g., recombinant adenovirus and modified

vaccine virus–based vectors) or viral vectors and recombinant

proteins have provided effective means to elicit potent immune

responses [44], but further research on vaccine delivery systems is

urgently required for development of effective malaria vaccines.

When the VIMT include multiple components, it will be

important to develop formulations or delivery systems that are

compatible with each component. A clear understanding of the

correlates of protective immunity elicited by each component may

allow the identification and development of a compatible delivery

system or adjuvant formulation for the combination vaccine.

Analysis of candidate vaccine–elicited immune responses in

functional assays will allow optimization of compatible formula-

tions. Importantly, development of multicomponent VIMT may

require collaboration between researchers who have developed the
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individual components. It will be important to develop innovative

licensing arrangements that ensure accessibility of each compo-

nent for commercial development of such multicomponent VIMT.

Understanding Transmission Dynamics and Population
Biology of Malaria Parasites

As campaigns to reduce transmission of malaria are successful, it

will be necessary to understand the changes in parasite population

dynamics and population structure. In particular, it will be

desirable to determine whether specific parasite strains dominate

as the transmission pattern changes and whether this has

implications with regard to antigenic diversity or parasite

virulence. Field trials with P. falciparum blood-stage vaccines have

provided evidence for allele-specific protection, which suggests

that large-scale immunization may lead to the selection of

‘‘vaccine-resistant’’ parasites that can escape immune responses

elicited by the vaccine [45]. A second important question is to

determine whether reemergent parasites have been introduced

from an outside source or whether they are parasites that have

escaped control measures. These two options have very different

implications for intervention strategies during the pre-elimination

stage. Tools to track such parasites will be useful for surveillance as

control efforts move towards eradication.

Measuring Malaria Transmission Rates
A key to the evaluation of vaccines that block transmission will

be the measurement of transmission. The anticipated clinical

outcome of vaccination will be the reduction of transmission in the

community. It is therefore necessary to develop robust and readily

usable tools to evaluate transmission levels in various epidemio-

logical settings ranging from high transmission areas to areas of

very low prevalence and transmission. In particular, as various

malaria control measures are introduced, the transmission

dynamics will change and robust evaluation of transmission will

be challenging. Harmonization of existing tools for measurement

of transmission rates is a high priority [46,47].

It is particularly important to be able to measure the effect on

infectivity of an individual after vaccination with either a pre-

erythrocytic or a blood-stage vaccine, and to understand the

relation of this result to an effect on transmission in the

community. Clinical efficacy trials of such vaccines have tended

to focus on their impact on blood-stage infection or clinical

disease; the impact of such vaccines on transmission remains to be

determined. An important aspect of strategic thinking around

malaria vaccines in years to come will be a greater emphasis on the

evaluation of the impact of all classes of vaccines on transmission.

A second priority is the development of markers that define the

infectivity of an individual for mosquitoes. These markers could

include bioassays, serological parameters, or molecular markers.

There is a need for robust models that predict the relationship of

rates of individual infectivity to transmission at the community

level in different epidemiological settings. Once this relationship is

established, such markers could be used as surrogates of vaccine

efficacy on transmission at the population level.

Strategies for Product and Clinical Development
of VIMT

Product Development Based on TPP
Once TPPs are defined, they should be used to guide product

development and evaluate the project in terms of achieving desired

goals set for the vaccine candidates. It is important to understand

where the project stands in terms of development. Terminology

should be used appropriately and be in line with the development

phase of the product (Figure 1).

Preclinical feasibility studies are conducted first to validate the

scientific rationale for vaccine design. At this stage of the project,

questions have to be asked that address issues such as whether the

project is likely to achieve the final desired TPP. Numerous

preclinical feasibility studies may be undertaken to assess a variety

of antigens, adjuvants, and delivery systems. Importantly, immune

responses with the experimental vaccine produced at pilot scale

need to be evaluated in animal models, preferably using functional

assays, to validate the concept and progress it to a translational

project stage.

For the translational stage, a significant investment of resources

is necessary, not least because the prototype vaccine must be

produced under current good manufacturing practices. Thus, only

the most promising approaches can be moved into this and later

stages of development. The translational project, which will have a

set of precise go/no-go milestones, drives a research program of

relevance to public health from the preclinical phase, through

phase I trials to evaluate safety, and into phase II trials to evaluate

efficacy. A successful translational project will deliver a vaccine

that should be ready for phase III trials.

A product can be considered as a vaccine candidate once its

manufacturability has been established and it has undergone a

Figure 1. Classification of programs. Image credit: Fusión Creativa.
doi:10.1371/journal.pmed.1000398.g001
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successful proof-of-concept phase II efficacy trial (Figure 1). For

‘‘classical’’ pre-erythrocytic or asexual stage vaccines, this typically

requires either a phase IIa challenge trial or an efficacy trial in an

endemic country. For VIMT, proof of concept may not need to be

established in a malaria-endemic setting, provided that a robust

read-out measurable at the level of the individual vaccinees has

been shown to predict an effect on transmission at the population

level. By this stage the product is fully characterized and will not

change substantially. Major investments will be required, however,

to complete the development program to deliver a viable vaccine

for use in public health programs. Other considerations for a

successful vaccine include the requirement for WHO prequalifi-

cation of the vaccine for use in developing countries, an

understanding in the affected communities of the ethical and

practical issues associated with a long program of testing, and a

significant commitment of the donor community to provide funds

to support country-wide vaccine launches.

Clinical Development and Regulatory Strategy
A vaccine that has an effect on transmission alone may not

provide direct benefit to the individual. Registration pathways for

such a vaccine are therefore likely to be complex, and the licensure

endpoints will require careful consideration and discussion with

regulatory agencies early in the development program. If the

vaccine also provides individual benefit, the regulatory pathway

could well be simpler.

One approach to registration for VIMT is for phase I/II

programs to focus on identification of well-tolerated and

immunogenic vaccine doses and schedules across a wide age

range of vaccine recipients using standard safety assessments and

immunologic readouts tailored for the vaccine candidate being

evaluated. Randomized, controlled phase IIb proof-of-concept

studies should be designed to permit the identification of a suitable

vaccine efficacy endpoint at the individual level that can be

validated for use in phase III trials. This endpoint must be

identified and agreed in advance with regulatory agencies. The

possible endpoints might include: percent reduction in parasite

prevalence, especially gametocyte prevalence; percent reduction in

individual infectivity as measured by percent reduction in oocyst

and sporozoite counts in membrane-feeding assays; and percent

reduction in infected mosquitoes fed on vaccinated volunteers that

can transmit malaria to susceptible volunteers. We recognize that

such efficacy endpoints at the individual level will only be

surrogates for effects on malaria transmission rates at the

population level. Thus, a necessary stage after conditional

registration based on surrogate efficacy data will be definitive

community-scale phase IV trials, which will measure reductions in

effective reproduction rate (Reffective) as a postmarketing commit-

ment.

Alternatively, some experts have argued that it should be

possible to design and conduct cluster-randomized trials to

evaluate the efficacy of VIMT in terms of reductions in

transmission rates in malaria-endemic settings. Measurement of

surrogate efficacy parameters at the individual level using robust

assays in such trials may allow the identification of correlates of

efficacy at the population level. Such an approach would follow

the more traditional route of registering a vaccine after collecting

evidence for efficacy in phase IIb/III trials. Ultimately, it will be

important to study the efficacy of combination of vaccines with

other interventions aimed at reducing transmission.

Decision Making in Development of VIMT
Existing methods for measurement of transmission intensity

need to be harmonized and optimized to ensure that good baseline

estimates are available prior to introduction of a package of

interventions such as drugs and vaccines. Thus, an essential step

will be a consultation process that decides on the relative utility of

assays that assess the infectiousness of individuals [48], that

measure transmission-blocking activity of sera [49] raised against

sexual stage or mosquito antigens, and that consider trial designs

to measure the impact of vaccines targeting any life cycle stage on

malaria transmission [50].

Possible trial designs include community-randomized trials that

use measurement of the reduction in the proportion of gametocyte

carriers, the reduction in the infectiousness of humans to

mosquitoes in individually randomized controlled trials, and the

reduction in infection of humans as endpoints. However, the

development of an assay or trial design that could provide robust,

reproducible data on vaccine impact on transmission without

performing large-scale community-randomized trials would be a

major step forward in increasing efficiencies and timelines.

Many questions will need to be addressed to aid decision

making during development of VIMT. For example, can assays

such as the membrane-feeding assay be validated to meet the

requirements of the International Conference of Harmonization?

If so, what level of reduced infectivity as demonstrated by this

assay is likely to provide community-level reduction in infection?

Questions like these need to be answered so that decisions can be

made about the packages of interventions required to bring the

Reffective below 1 during elimination campaigns. An assessment of

existing modeling work may provide information on this sort of

issue [51,52]. Other questions that will need answering include:

what population coverage and level of transmission-blocking

efficacy should we require from a vaccine intervention before it is

transitioned into elimination campaigns and are there assays other

than the membrane-feeding assay that will be useful in

measurement of infectiousness of humans (for example, nucleic

acid amplification-based assays for gametocytaemia)? Ways will

also need to be found to optimize mosquito-feeding experiments

linked to clinical vaccine trials for decision-making purposes (see

also [53]).

Importantly, every step of the vaccine development, clinical

evaluation, regulatory, and implementation process for VIMT

needs to focus on using the TPP for vaccines and targeting

transmission rather than morbidity during decision making. In

addition, it will be essential to make decisions about the need to

include packages of interventions when evaluating vaccines that

reduce transmission (see also [52]). Decisions will also have to be

made about who should receive VIMT. In endemic regions,

VIMT would be delivered to infants, preferably through the

routine expanded program of immunization and through periodic

campaigns to the rest of the population. In regions of low malaria

transmission, it may not be necessary to immunize the entire

population. Instead it may be more effective to identify and

immunize individuals who are responsible for the majority of the

transmission in the community.

Assessment of interruption of transmission presents novel

challenges and large costs, hence every effort must be made to

find and adopt the most efficient mechanism for assessing efficacy.

For example, could a competent regulatory authority be provided

with sufficiently compelling evidence of the biological interruption

of transmission activity of a vaccine (either prevention of

gamtetocyte production or effects of antisera on transmission to

mosquitoes) to allow registration of a vaccine with an indication

for interruption of transmission at the community level, without

the requirement for large-scale community randomized trial data?

As mentioned earlier, phase IV studies could then follow to

provide the required safety database, and measures of community
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effects on transmission for implementation. Industry involvement

may be critical to successfully drive such a development pathway

for VIMT. It will therefore be important to engage leaders of key

vaccine industries as well as regulatory agencies and ethicists from

affected countries in discussions early in the development pathway.

Conclusions

Vaccines can play a key role in multisectoral efforts to eliminate

and eventually eradicate malaria. Current efforts to develop

malaria vaccines are primarily focused on reducing infection rates,

blocking replication of the parasite in the bloodstream, and the

pathologic effects of the parasite in individuals, thereby reducing

malaria morbidity and mortality in vaccinated individuals. Some

of these vaccines, if highly effective, may also reduce transmission.

These efforts need continued support.

For elimination, it is important to view vaccines for their

potential contribution to reduction of transmission, and to support

additional novel approaches to vaccines that directly target sexual

and mosquito stages for use in malaria control programs. In this

context, we propose the broader concept of VIMT and present an

actionable research and development agenda to develop such

vaccines (Box 1). We also propose that novel product development

and regulatory strategies that reduce the time to market should be

investigated to develop, license, and implement such vaccines.
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Review

A Research Agenda for Malaria Eradication: Vector
Control
The malERA Consultative Group on Vector Control"*

Abstract: Different challenges are presented by the
variety of malaria transmission environments present in
the world today. In each setting, improved control for
reduction of morbidity is a necessary first step towards
the long-range goal of malaria eradication and a priority
for regions where the disease burden is high. For many
geographic areas where transmission rates are low to
moderate, sustained and well-managed application of
currently available tools may be sufficient to achieve local
elimination. The research needs for these areas will be to
sustain and perhaps improve the effectiveness of
currently available tools. For other low-to-moderate
transmission regions, notably areas where the vectors
exhibit behaviours such as outdoor feeding and resting
that are not well targeted by current strategies, new
interventions that target predictable features of the
biology/ecologies of the local vectors will be required.
To achieve elimination in areas where high levels of
transmission are sustained by very efficient vector species,
radically new interventions that significantly reduce the
vectorial capacity of wild populations will be needed.
Ideally, such interventions should be implemented with a
one-time application with a long-lasting impact, such as
genetic modification of the vectorial capacity of the wild
vector population.

Introduction

The overarching goal of malaria vector control is to reduce the

vectorial capacity of local vector populations below the critical

threshold needed to achieve a malaria reproduction rate (R0, the

expected number of human cases that arise from each human case

in a population) of less than 1. Because of the long extrinsic

incubation time of Plasmodium in its Anopheles vectors, the most

effective vector control strategies in use today rely on insecticide

interventions like indoor residual insecticide sprays (IRSs) and

long-lasting insecticide-treated nets (LLINs) that reduce vector

daily survival rates [1]. For many malaria-endemic regions, these

tools can make substantial contributions to malaria control and

may be sufficient for local malaria elimination. These were the

only regions considered by the recent Malaria Elimination Group

(MEG). Regions where existing interventions will not be

sufficiently effective include those where high rates of transmission

occur. For example, in much of sub-Saharan Africa, where the

entomological inoculation rates (EIRs) can reach levels approach-

ing 1,000 infective bites per person per year [2,3], the best use of

existing interventions can only help to reduce annual inoculation

rates by approximately an order of magnitude. Additional

interventions will clearly be required, however, both for regions

with extremely high rates of transmission and for regions where

the major vectors are not susceptible to current control tools [4].

To develop vector-targeted interventions in support of malaria

eradication in all disease endemic settings that are unfettered by

these limitations, three challenges need to be recognized and

addressed with great urgency today. The first challenge, for which

near-term product development is essential, is the preservation

and improvement of the utility of existing insecticide-based

interventions. This challenge will require a vibrant research

agenda that develops a broader range of insecticides with novel

modes of action that can circumvent emerging resistance to

existing insecticides, particularly the pyrethroids. This agenda

must include the creation of strategies for the use of new

insecticides that minimize the emergence of resistance. A related

and critical focus of the agenda will be the development of rapid

and affordable methods for detecting the emergence of epidemi-

ologically important levels of insecticide resistance. Because of the

fundamental dependence of many current malaria control and

elimination programs on pyrethroid insecticide–based LLINs and

the emerging problem of pyrethroid insecticide resistance in many

vector species, especially in sub-Saharan Africa, development of

new insecticides that can be used in LLINs is the most immediate

need [5].

The second challenge is development of interventions that affect

vector species not effectively targeted by current tools. At least

three dozen different species of Anopheles mosquitoes are important

in malaria transmission worldwide. Many of these species are not

susceptible to tools like IRS and LLINs, which target indoor

feeding and/or resting vectors [6]. Control of malaria transmitted

by these vectors will require new interventions that target other

aspects of their biology, including outdoor feeding and resting,

oviposition site preference, mating behaviour, or sugar meal

selection. Major features of the agenda to tackle this challenge will

be defining the vector species for which such new tools are most

important and devising tools that will be effective for multiple

important vector species.

Review articles synthesize in narrative form the best available evidence on a topic.
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The most difficult research challenge for vector control during

all phases of malaria elimination/eradication but particularly

during the final stages of eradication is development of novel

approaches that will permanently reduce the very high vectorial

capacities of the dominant malaria vectors in sub-Saharan Africa.

Without such approaches, local elimination in Africa will be

extremely challenging. Even when elimination is achieved, the

residual vectorial capacities of local mosquitoes will pose a

lingering threat of massive epidemics should malaria be reintro-

duced to a population that has lost partial immunity. Measures to

reduce vectorial capacities will need to be either extremely cost-

effective, if they are to be sustained until eradication is achieved, or

able to effectively yield a long-term, sustained reduction of

transmission following a one-time application. Genetic control

programs (which could be achieved by a variety of genetic

manipulation approaches) designed to permanently reduce the

vectorial capacities of natural vector populations have received the

most attention to date, and currently represent some of the most

promising ideas in this area [7], but the development of other,

novel approaches must be strongly encouraged.

It is these three challenges that the malERA Consultative Group

on Vector Control concentrated on during its deliberations, the

results of which are presented here.

Current Tools and Resource Gaps

The key goal of the malERA Consultative Group on Vector

Control was to help define the research and development agenda that

will be required to sustain and improve the effectiveness of currently

available tools like LLINs and IRS and to develop new vector-

targeted tools that can be used to interrupt transmission in

environments or at intensities that these existing tools cannot reach.

It is clear that new technology will be required in very high

transmission areas to reduce vectorial capacity and achieve even

effective control, let alone elimination. The main aim of this paper is

to define a research and development agenda that focuses on those

new research questions and knowledge gaps that arise specifically in

response to the call for malaria eradication, and that would not

otherwise be at the top of the agenda (Table 1). It is particularly

important to recognize that this operationally specified goal

significantly limits the scope of research and development under

consideration, and this document should not be the basis for all vector

research related to malaria. Our article does, however, describe the

challenges for vector control methodology in the elimination phase,

for detecting and monitoring areas of persistent transmission, and for

detecting and monitoring nonrandom transmission leading to

outbreaks. We also discuss the requirements for rapid and urgent

intervention when outbreaks occur (see also [8]).

The Consultative Group identified four key components to

successful vector control within an eradication agenda. First, the

ecology of vectors responsible for malaria transmission in those

regions of the world where current tools are insufficient for

elimination needs to be understood. Second, sets of synergistic or

complementary interventions tools need to be developed and

applied through rationally designed programs that can be spatially

and temporally combined into effective intervention programs.

Third, appropriate monitoring and evaluation tools that can guide

the application and evolution of control and elimination programs

as malaria endemicity is pushed towards local elimination need to

be developed and applied. Finally, there is a critical need for built-in

flexibility in programs so that where initial efforts fail, they can

adapt to circumstances by incorporating and implementing new

approaches. Thus, as malaria programs are scaled up, vector

control will have a major role in disease burden reduction but, as

programs become increasingly successful in reducing transmission,

accurate estimation of the point at which large-scale vector control

activities can be relaxed will become critical. Premature removal of

mainstream vector control, either through planned reductions in

activities or through failure of long-lasting interventions like LLINs

or IRS as resistance evolves, is likely in many instances to lead to a

Summary Points

N Improved vector control is essential for the elimination/
eradication of malaria

N In regions where transmission rates are low or moderate,
existing tools may be sufficient to achieve elimination
but in many malaria-endemic regions, new vector
control interventions, including new insecticides and
formulations, are needed

N Better understanding of vector biology is an essential
prerequisite for the development of new control
interventions

N Sustained commitment to the development of radically
new approaches such as the genetic modification of
mosquitoes is critical to reduce the high vectorial
capacity in some malaria-endemic regions

N Innovative cross-disciplinary technologies are needed to
control outdoor biting and resting mosquito vectors, to
measure transmission, and to educate communities
about vector control

Table 1. Vector control interventions required for sustained control and for eradication.

Sustained Control Eradication

Better vector monitoring and evaluation information to target interventions

Effective insecticides for LLINs and/or IRS Effective insecticides for LLINs and/or IRS

Resistance monitoring and management Resistance monitoring and management

Vector identification and incrimination Vector identification and incrimination

Appropriate integrated vector management Appropriate integrated vector management

Targeted interventions for outdoor biting and resting mosquitoes

Novel approaches to reduce permanently the high vectorial capacity
of major vectors (e.g., genetic modification)

Effective consumer products for vector control

doi:10.1371/journal.pmed.1000401.t001
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catastrophic increase in morbidity and mortality because of

resurgent malaria in a nonimmune population [8,9].

The exact role of vector control as countries enter the elimination

phase of activities will be situation specific. However, valuable

lessons can be drawn from the WHO Global Malaria Eradication

Program (GMEP) of the 1950s and 1960s [10], in which vector

control alone was considered to be enough in many situations to

eliminate malaria. Although this approach was successful in some

cases, success was often short-lived [11,12]. Another valuable lesson

can be learned from current efforts to eradicate filariasis. For this

vector-borne disease, multiple rounds of mass drug administration

in many countries divorced from targeted vector control have not

achieved the predicted interruption in transmission [13].

Indeed, there is now a consensus that malaria elimination with

current tools is far more likely if the best available tools are used in

combinations. In the past two decades, especially in an African

context, the combination of drugs and vector control with

impregnated nets has been highlighted for its role in the reduction

of morbidity and mortality [14]. However as malERA sets out a

research and development agenda for elimination/eradication and

vector control, other interventions must be considered primarily in

terms of their impact on malaria infection and transmission, not

instead of, but in addition to, their role in prevention and

modification of disease.

We highlight the research and development areas identified as

priority areas by the Consultative Group before providing a

summary research and development agenda that draws together

the various strands of our discussions.

The Development of a Formal Analytical
Framework

The malaria eradication agenda would clearly be advanced by

the development of a formalized analytical framework that

facilitates the collection, analysis, and central presentation of

relevant information (Figure 1). Such a framework could signifi-

cantly help elimination/eradication programs optimize the use of

current vector control tools. In addition, when available tools are

properly deployed and transmission persists, such a framework

could also highlight the knowledge gaps that currently limit

accurate development of clear target product profiles (TPPs) for

new tools. The generation and sharing of information from

systematic assessments of the results of malaria elimination

programs across different epidemiological settings will help drive

the development of new technologies that will be needed to

achieve elimination in more intransigent transmission settings.

The most immediate task of the analytical framework will be to

focus research and development resources on the malaria

transmission settings for which new or improved elimination tool

development is most critical. These settings include much of sub-

Saharan Africa and parts of Papua New Guinea, regions where

vector populations are capable of sustaining transmission at high

vectorial capacities that significantly exceed the possibility of

elimination with current tools. In addition, however, there may be

other malaria transmission regions of more modest vectorial

capacity where important current tools such as IRS and LLINs

have little impact because the important vectors do not enter

houses to rest or to seek blood meals. Some information already

exists that can be brought together to define these high-risk regions

[15–17]. For other regions, however, problems may become

obvious only when the application of current interventions proves

insufficient.

The analytical framework should systematically coordinate

available data from disparate multidisciplinary resources, includ-

ing both peer-reviewed and ‘‘grey’’ literature, via a Web portal to

facilitate access and analysis. The Consultative Group’s recom-

mendation is that disparate multidisciplinary resources are

Figure 1. A formalized analytical framework for the collection, analysis, and central presentation of relevant information. M&E,
monitoring and evaluation. Image credit: Fusión Creativa.
doi:10.1371/journal.pmed.1000401.g001
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brought together in a coherent format that will allow the objective

assessment of the knowledge base as it relates to the performance

of current tools. The ideal format would allow the systematic

assessment of issues arising in countries that have already

eliminated malaria and in countries that are still in the first wave

of malaria elimination, in isolation and in combination, and would

allow comparisons to be made of tool performance in different

epidemiological settings. Some of this information—for example,

the worldwide distribution of malaria risk and information on the

worldwide distribution of important malaria vectors—already

exists in centralized resources and needs only be made more

readily available. However, other kinds of important information

will need to be assembled from disparate sources (for example,

field data from major malaria research and control programs and

the very significant but inaccessible literature that emerged from

the first GMEP) or generated de novo (for example, the

determination of the specific malaria transmission behaviours of

vectors that have only recently been determined to be members of

cryptic species complexes [18]).

As the elimination agenda progresses, this growing body of

information can be used to develop and use models of vector

biology and transmission and to test intervention hypotheses such

as the effect of combining available control tools into integrated

control programs. Further, modeling can be used to identify

opportunities to develop new interventions and establish the

settings where vector control–targeted interventions are inappro-

priate. It will be particularly important to invest in new

interventions that are likely to impact additively or even

synergistically with existing tools. Modeling can be an important

first step in evaluating such potential interactions (also see [9]).

The Preservation and Improvement of Current
Tools

The obvious major threat to current vector-targeted interven-

tions is insecticide resistance, and addressing this problem will be

both an important near-term research concern and a continuing,

long-term concern as new insecticide formulations and ingredients

are developed and used. Furthermore, this problem is critical for

control efforts as well as for elimination and eradication efforts.

Pyrethroids are the only insecticides currently used operationally

on LLINs and are also the dominant insecticide class in IRS, but

resistance to this insecticide class is now widespread, with multiple

resistance mechanisms spreading in the two major African malaria

vectors [19,20]. Although the operational impact of these

resistance indicators remains to be established, multiple studies

have demonstrated the direct association of resistance measures

with entomological indicators such as mosquito mortality, biting

rates, and blood feeding success.

Sporadic insecticide resistance monitoring is undertaken by

control programs, predominantly using WHO bioassays, but the

results from these bioassays are rarely linked to any assessment of

control failure. Moreover, resistance-monitoring efforts are not

typically used to provide formal guidance to control programs on

the selection of alternative vector control strategies in the presence

of resistance. Because of the very large number of vector species,

the many insecticides in use, and the large numbers of potential

resistance mechanisms, choosing the correct vector control

strategy is clearly a complex and daunting problem. An essential

first step towards developing a rational solution will be to develop

and provide new tools for the quantitative monitoring of different

forms of resistance in different vector species. Monitoring could be

done through the provision of public protocols, through training

and the provision of kits, or by establishing a regional service. The

potential complexity of meaningful data generation and interpre-

tation suggests that the last option may be preferable. Indeed, we

note that this type of activity could readily be combined in a

monitoring and evaluation framework with a laboratory service

that provides drug resistance or serology monitoring capability. In

addition, data on the temporal and geographic distribution of

insecticide resistance need to be efficiently assembled and made

publicly available through a formal analytic framework to help

guide both control program and research decisions.

LLINs, IRS, and larvicides attack different behaviours or life

stages of the mosquito. There is some evidence that LLINs and IRS

used in combination may be synergistic, although both target adult

female mosquitoes indoors [21]. Within an eradication agenda, the

cost-effectiveness and benefits of such combinations need to be

assessed. The recommendation of the Consultative Group,

therefore, is that potential combinations of present and new control

tools be explored theoretically in a modeling framework [9], and

that potentially optimal integrated vector management strategies be

tested in large-scale field trials in different epidemiological settings to

assess their ability to reduce transmission and the burden of disease.

If insecticide resistance dramatically reduces our ability to reduce

transmission, it becomes a major threat to eradication, and

mitigating strategies must be tested in the field to contain resistance

in the absence of new alternative insecticides. Finally, insecticide-

resistance management technologies need to be developed for the

future that use combinations of vector control tools that do not

depend on the main classes of insecticide in current use. Such

combinations might include repellents, larvicides, environmental

management, and possibly pathogens.

Improvement of the Knowledge Base of Vector
Ecology

Malaria is transmitted in diverse epidemiological situations by a

wide range of potential combinations of ‘‘primary’’ and ‘‘second-

ary’’ vectors. Moreover, most widely recognized vector species are

members of cryptic species complexes [18] and even within

currently recognized complexes, further heterogeneities may exist

in vector population structure that can limit the effectiveness of

control tools [22]. The present vector control tools (LLINs and

IRS) were developed to reduce transmission in areas where the

primary vectors feed and/or rest indoors. When these interven-

tions are implemented under optimal programmatic conditions,

diligent monitoring will identify areas where there are limitations

in their effectiveness.

Failure to achieve the expected level of control may result from

a number of factors. Complex mixtures of vector species may be

present, including vectors with outdoor biting and resting

behaviours, or a more complex genetic structure within recognized

vector taxa. Moreover, vector populations can develop behav-

ioural as well as physiological forms of resistance to insecticides.

To assess the possible impact of behavioural evolution on the

effectiveness of vector control tools, and to better target vector

species or populations escaping these tools, we have to understand

both larval and adult ecologies and behaviours. At the present, we

have only a limited understanding of the ecology and population

structure of some of the major vectors, such as An. gambiae in

Africa. Unfortunately, even less is known about where many of the

other important vectors feed, rest, mate, and oviposit, or about

their population structure, or even the extent of their geographic

distributions. These deficiencies are due to both the lack of

adequate sampling and monitoring methods and a historical lack

of emphasis on the study of population biology of malaria vectors

in many parts of the world.
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Development of TPPs for new interventions that could

supplement existing control tools will require knowledge of the

critical points in the biology of different vector species. These

points should be features of a vector’s biology that are sufficiently

predictable to constitute a target for the control tool, such as a

predictable resting, blood- or sugar-feeding, oviposition, or mating

site. Technologies (see later) that enable accurate tracking of

mosquito movement in space and time are needed to establish

these critical points in the biology of different vector species.

The Development of New Vector-Targeted
Interventions

Near-Term Translation of Appropriate Interventions
Malaria vector control activities today are heavily reliant on the

distribution of LLINs or IRS. In some instances, these are

augmented with larval control or fortuitously complemented by

social housing schemes or economic development that negatively

impact on Anopheles mosquito breeding. This limited armamentar-

ium is, in part, the legacy of a malaria control approach developed

before and during the GMEP of the 1950s and 1960s that was

followed by a shift in the 1970s through the 1990s away from the

interruption of transmission to the control of morbidity and

mortality based largely on chemotherapy [11,12]. Research on

the control of malaria transmission was consequently very limited

and poorly coordinated both during the time of the GMEP, which

was characterized by overoptimistic expectations of the effectiveness

of DDT, and in the years that followed when transmission was no

longer the main concern. Nonetheless, a number of proposed

alternative vector control methods have emerged recently, most of

which have not yet been extensively evaluated and developed (see

Table 2 for some examples). What is badly needed is a well-defined

development pipeline to ensure that the more promising among

these alternative methods are brought into mainstream operation

and that the less appropriate are down-selected.

For example, the development of cost-effective longer lasting

IRS formulations of different insecticide classes would remove the

economic and logistical arguments that preclude the use of IRS in

some settings. Today’s heavy reliance on pyrethroids for both

LLINs and IRS is driven both by a lack of new insecticides and by

limited development in formulation technology. The latter

problem is amenable to short-term resolution. Similarly, models

suggest that interventions that act on older adult mosquitoes are

less prone to resistance selection than traditional insecticides

[23,24], but this has still to be demonstrated operationally. Other

insecticides have failed to cross the translational gap because the

short residual shelf life of the formulations under operational

conditions is a major barrier to their commercialization. Until this

element of the critical pathway to commercial uptake is resolved,

many promising insecticides are unlikely to play an active role in

operational control.

Novel tools need proper evaluation in field trials and, if their

efficacy is demonstrated, they need testing in combination for their

effect on infection and transmission. We recommend that in

reviewing current and potential interventions within the analytical

framework, a commercial-style analysis of the development status

of the different interventions be undertaken (Figure 2) and the

barriers on the critical pathway to implementation be identified.

Once identified, the resources required to overcome these barriers

can be established and an appropriate risk benefit analysis can be

undertaken. This analysis will allow rapid movement away from

long lists of potential vector control interventions and towards a

better-defined list of actual interventions that can be coupled to

clear guidance on appropriate deployment in the different stages of

malaria elimination across a range of epidemiological settings.

Analysis of the development status should also include modeling to

guide selection and testing of combinations and settings where

they should be introduced (see also [9]).

New vector control tools will be needed in the short and

medium term as the current tools will be inadequate for malaria

elimination in most settings. The strategy outlined above will allow

researchers and developers to capitalize on information that is

already in the public domain and to efficiently and cost-effectively

develop the most appropriate new tools in the short term that

Table 2. Examples of novel tool development and intended objectives.

Sustained-Use Interventions Time-Limited Interventions

Category Objective Category Objective

Insecticides and related chemical agents
(synthetic and natural [‘‘bio-prospecting’’])
for environmental, dwelling, and systemic
applications (humans or animals)

Control, elimination Biological or chemical agents that
affect age structure (decrease extrinsic
incubation period, for example,
Wolbachia spp.)

Control, elimination,
eradication

House design to impede vector access
and sustainability

Control, elimination Genetic approaches to reduce adult
longevity (‘‘death-on infection’’ genes
killing only those mosquitoes that
become infected)

Control, elimination,
eradication

Biological agents (plant, fungi, algae, predators,
niche competitors, insect viruses, and other
pathogens) for population suppression

Control, elimination Biological agents targeting pathogens,
for example, symbiotic organisms
engineered to kill pathogens
(paratransgenesis)

Control, elimination,
eradication

Ecological/environmental modification
(source reduction) targeting sites for breeding
(oviposition), subadult development, and
adult resting sites

Control, elimination Genetic approaches targeting
vector competence

Control, elimination,
eradication

Chemical attractants/repellent agents
(synthetic and natural [‘‘bio-prospecting’’])
for dwelling and personal applications that
would target both indoor and outdoor biting

Control, elimination

doi:10.1371/journal.pmed.1000401.t002
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could be useful additions to the armamentarium for malaria

eradication.

Longer-Term Development of Novel Sustained-Use
Interventions

To achieve malaria eradication, we will need to reduce regional

R0 to less than 1 and sustain transmission rates below this critical

threshold until global eradication can be achieved. Achieving this

goal will require both augmentation of current control methods and

the development of novel interventions to interrupt transmission in

ways that address a broad range of potential impediments, including

political instability, geographic isolation, and the development of

chemical or behavioural resistance. Perhaps the biggest difficulties

will be the economic and social challenges that will be associated

with the need to sustain the impact of such interventions in some

regions for very long periods, possibly decades, until the risk of

parasite reintroduction is no longer a concern.

Insecticide-based interventions for sustained use should not be

compromised by resistance. Models of resistance management

developed using data from control of agricultural insect pests and

from other large-scale vector control efforts indicate that stable,

long-term resistance management strategies require a minimum of

three active ingredients. These ingredients need different modes of

action, distinct metabolic detoxification pathways, and no

resistance to any of them should be present at the onset of the

program. The levels of resistance currently circulating in many

mosquito vectors to all registered public health pesticides precludes

such a system being established today [25]. Hence, it is vital that

we continue to develop new active ingredients to replace existing

insecticides when vectors develop significant resistance. The ideal

goal would be to do this in a time frame that allows multiple new

insecticides to be introduced together.

It is also important that a broader set of tools for targeting adult

female vectors be developed so that adult vector survival rates and

the resulting population age structure can be reduced to levels

where insufficient older female mosquitoes capable of supporting

parasite sporogonic development are present in the vector

population. The most critical needs will be for vector control

tools that complement existing methods by targeting aspects of the

mosquito’s life cycle that are not currently reached. New tools

could potentially be developed to target outdoor blood-meal or

sugar-meal feeding, for example, or to target mate-seeking or

ovipositing females. Understanding the biology of these behaviours

in the life cycle of important vectors could be the source of

powerful new interventions. Even control approaches that achieve

only a reduction in vector population density, such as interventions

targeted at larvae, could prove valuable if they are sufficiently cost-

effective and are complementary to existing tools.

Push-pull (repellent-attractant) technologies are well developed

for some insect pests in the agricultural arena, but this technology

has yet to be brought to bear on malaria control [26]. Our rapidly

developing understanding of the mosquito sensory system, coupled

to development of high-throughput screening technologies, should

allow us to develop more effective attractants and repellents for

mosquitoes within the next decade [27]. Modeling and experi-

mental analysis of the impact of these compounds should allow us

to develop new, targeted strategies for control. This technology

also lends itself well to the extensive consumer market, which will

undoubtedly play a major role in sustaining elimination efforts by

reducing mosquito biting as mainstream vector control activities

are reduced. Indeed, this is a situation that already exists in

countries such as Sri Lanka and Mexico where the consumer

market for products that reduce biting nuisance is high and

national malaria control program vector control activities are

minimal.

Longer-Term Development of Novel Time-Limited
Interventions

The past decade has seen phenomenal advances in Anopheles

genomics and proteomics [28]. These advances, coupled with the

visionary but technically challenging development of mosquito

transgenics and other genetic manipulation techniques, open up

Figure 2. A scheme for the analysis of the development status of the different interventions; similar schemes are used in the
commercial development of drugs, for example. Image credit: Fusión Creativa.
doi:10.1371/journal.pmed.1000401.g002
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the possibility of developing novel technologies to suppress

mosquito populations or to make parasite-refractory mosquitoes,

and make mosquito-based transmission-blocking technologies

possible (Table 2). Such innovative new technologies may be key

tools in the eradication agenda in the highly malaria-endemic

regions of the world, in particular, much of sub-Saharan Africa,

because they can circumvent the extreme problems in control

program application that will be posed by intractable logistical,

technical, or political issues in many of these regions. Importantly

in intractable settings—for example, dense forests or politically

unstable areas—where the elimination of malaria may prove most

difficult, these technologies have the advantage that the mosquito

population itself acts as the distribution agent.

Fortunately, the number of different vector species for which such

technologies will need to be considered is limited, probably to only a

handful of species. Moreover, the highly technical research needed

to develop such tools for one major vector species will likely be fairly

easy to adapt or even transfer directly to others. We now need to

progress to the exacting but exciting translational phase of this

activity, which will involve selection of the most appropriate

technically robust technologies for operational implementation.

Development, analysis, and refinement of scale-up technology to

move progressively from the laboratory, to cage trials, and

ultimately to operational scale release of genetically modified

mosquitoes, and the establishment of the regulatory pathways for

commercialization and release are all needed. Finally and critically,

stakeholders, particularly in disease endemic countries, must be

persuaded to support the release of genetically modified mosquitoes.

Enabling Technologies

In order to establish TPPs for novel vector control products,

particularly for products that target outdoor feeding or resting

mosquitoes, we need to establish the critical points in the life cycle

of these mosquitoes where they congregate in numbers, are

susceptible to attraction by external stimuli, or come into contact

with their human hosts. Better sampling methods that continu-

ously track mosquito movement in space and time, rather than

current methods that sample at known fixed points of interaction,

are therefore needed. Moreover, methods that generate represen-

tative samples of mosquitoes in areas with intensive vector control

activity are needed for accurate monitoring and evaluation of

insecticide resistance and infection rates.

Cross-disciplinary initiatives are also needed to achieve a

defined research agenda for improving engagement and commu-

nication with communities and all other stakeholders in malaria

elimination. Such an agenda is needed to avoid the mistakes of

past efforts, which have all too often foundered because of

community fatigue after long years of engagement. Better inte-

gration of epidemiological expertise into vector control evaluation

initiatives is also needed to ensure accurate field evaluation in

increasingly complex multi-initiative settings, and a more

commercially oriented approach to the development and evalu-

ation of vector control technologies is required to ensure that

promising initiatives cross the translational gap to implementation

and poor technologies are rapidly discarded. Finally, cross-

disciplinary initiatives are needed to achieve the rapid definition

of efficient regulatory pathways and frameworks for existing and

new technologies.

Conclusions

On the basis of its deliberations, the malERA Consultative

Group on Vector Controls proposes a research and development

agenda for vector control (Box 1). The first of these agenda

items—the development of an analytical framework to facilitate

decision making—is achievable in the next 12–18 months. The

other areas need to be rapidly progressed over the next decade. It

will be up to everyone involved in malaria elimination/eradication

to work together to ensure that all the needs and goals highlighted

in this agenda are achieved as efficiently as possible. Importantly,

however, our proposed agenda provides a starting point only for

the research and development needs associated with vector

control. This agenda must not be set in stone; it must continue

to evolve as the elimination/eradication program progresses.
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formerly WHO, Madrid, Spain; Daniel Neafsey, Microbial Analysis Group

Broad Institute of MIT and Harvard, Cambridge, Massachusetts, USA;

Ron Rosenberg, US Centers for Disease Control and Prevention, Fort

Collins, Colorado, USA; Frederic Simard, Institut de Recherche pour le
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Review

A Research Agenda for Malaria Eradication: Diagnoses
and Diagnostics
The malERA Consultative Group on Diagnoses and Diagnostics"*

Abstract: Many of malaria’s signs and symptoms are
indistinguishable from those of other febrile diseases.
Detection of the presence of Plasmodium parasites is
essential, therefore, to guide case management. Improved
diagnostic tools are required to enable targeted treat-
ment of infected individuals. In addition, field-ready
diagnostic tools for mass screening and surveillance that
can detect asymptomatic infections of very low parasite
densities are needed to monitor transmission reduction
and ensure elimination. Antibody-based tests for infection
and novel methods based on biomarkers need further
development and validation, as do methods for the
detection and treatment of Plasmodium vivax. Current
rapid diagnostic tests targeting P. vivax are generally less
effective than those targeting Plasmodium falciparum.
Moreover, because current drugs for radical cure may
cause serious side effects in patients with glucose-6-
phosphate dehydrogenase (G6PD) deficiency, more infor-
mation is needed on the distribution of G6PD-deficiency
variants as well as tests to identify at-risk individuals.
Finally, in an environment of very low or absent malaria
transmission, sustaining interest in elimination and
maintaining resources will become increasingly impor-
tant. Thus, research is required into the context in which
malaria diagnostic tests are used, into diagnostics for
other febrile diseases, and into the integration of these
tests into health systems.

Introduction

As malaria transmission declines across much of its range and

the possibility of elimination (reduction of transmission to zero in a

defined geographical area) is increasingly considered [1,2],

accurate diagnosis and case identification through the demonstra-

tion of malaria parasites in sick patients presenting to health

workers (‘‘passive case detection’’) is ever more important. During

case management in all settings, all symptomatic patients with

demonstrated parasitemia should be considered to be malaria

cases, and all parasitemic patients should be given definitive

antimalarial treatment. Accurate diagnosis is essential both to

target antimalarial drugs and to enable effective management of

the frequently fatal nonmalarial febrile illnesses [3] that share signs

and symptoms with malaria [4–13].

However, the very low levels of transmission now being attained

in many countries present new challenges that will demand new

diagnostic tools and strategies, in particular, a change from passive

case detection to ‘‘active’’ case detection. That is, as the

elimination agenda is increasingly followed [14], improvements

in current field diagnostics (microscopy and rapid diagnostic tests

[RDTs]) for case management and new diagnostics that can detect

very low levels of Plasmodium in the blood of asymptomatic

individuals (and, in the case of P. vivax, in the blood of

symptomatic individuals) who may contribute to continuing

malaria transmission [15–21] will become essential. Furthermore,

novel strategies will be needed to incorporate these new and

improved diagnostics into routine health service activities.

More specifically, to avoid onward transmission, elimination

programs for malaria will increasingly need to focus on detecting the

highest possible fraction of infections in the general population

through active rather than passive case detection. This change of

focus will be essential because Plasmodium infections can persist at

low densities for different lengths of time with no significant

symptoms [16,22,23], and, in the case of P. vivax and Plasmodium

ovale, as a latent stage in the liver that is not directly detectable. The

contributions of these unseen reservoirs to the maintenance of

transmission will depend on the success of detection and

management of new cases and the coverage of vector and other

control measures in the area [24,25]. Thus, the usefulness of active

case detection will vary with the epidemiology and health resources

in an area and is itself a subject requiring further research [26].

Countries with successful ‘‘sustained control,’’ (the reduction of

malaria transmission to a locally acceptable and sustained level

through intensive use of vector control and effective case

management) [14], will also need to adjust their diagnostic

strategies as transmission declines to low levels and as they

consider elimination. Importantly, until eradication of malaria (the

reduction of transmission to zero worldwide) is achieved (and

diagnostics therefore no longer required), efforts to eliminate

malaria will continue to require diagnostics strategies as reintro-

duction will remain possible.

This article, which summarizes the deliberations of the malERA

Consultative Group on Diagnoses and Diagnostics, proposes a

research agenda for the tools required for this process; related

articles address broader issues of health service requirements and

case management that will arise from their use [26,27]. Figure 1

shows the position of different diagnostic approaches/tests in

Review articles synthesize in narrative form the best available evidence on a topic.
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relation to morbidity, parasite prevalence, and densities and the

different stages towards malaria elimination. Given the changing

priorities for diagnoses and diagnostics as transmission reduces, in

our discussion of the research needs for diagnostics, we distinguish

between the two broad but overlapping areas of case management

and surveillance/screening. This distinction is reflected in the

target product profiles presented in Table 1. In both areas,

sustainability will require integration with the general health

system, and as much commonality as possible between diagnostics

for different diseases. Thus we discuss priority setting in the

context of the approaches already in use, or in the pipeline, for

other diseases managed at the same levels of the health system.

Because P. falciparum and P. vivax are the most prevalent plasmodia,

the following discussion concentrates on these species, which most

commonly present as mono-species infections. However, as P.

falciparum infections decline, P. ovale may become relatively more

prominent in areas where it is endemic, with implications for

detection and management similar to those for P. vivax. Similarly,

only time will tell whether transmission of Plasmodium malariae,

which is transmitted across a broad geographical range, but at

low prevalence, can be reduced using the measures applied to

P. falciparum, or whether it will require specific strategies and tools.

Notably, however, elimination of the zoonotic Plasmodium knowlesi

is likely to require unique strategies (Figure 1).

Diagnostic Strategies for Programs in the
Intensified Control Phase

Identification of parasitemia in febrile patients is essential in all

of the programmatic phases of the continuum from malaria

control to elimination, although the challenges for health systems

in maintaining this activity in areas where malaria has become

rare will be more prominent, as will the importance of detecting

asymptomatic infections of low parasite density. The ongoing role

of other routine interventions, such as intermittent preventive

treatment in pregnancy, needs reevaluating as elimination is

approached. Moreover, because the distribution of malaria

transmission is often highly heterogeneous within a country,

strategies may need to vary at a subnational level. Analyses of past

experiences and operations research are required to guide

decisions on when these changes in emphasis should take place

as control progresses [27,28]. Although programs in areas of

higher transmission will be less likely to engage in active case

finding of individuals with low parasite densities, surveillance is

nevertheless necessary to detect trends and the impact of

interventions, and requires appropriate, high-throughput diagnos-

tic tools. In addition to the diagnosis of malaria, it will be critical to

have diagnostic capabilities for other causes of presenting illness,

particularly fever. A sick adult or parent of a febrile child may not

be satisfied with a diagnosis of ‘‘not malaria,’’ and both patients

and providers require guidance on the integrated management of

childhood illnesses, to ensure that appropriate alternative and

specific treatment is available and provided.

Summary Points

N New and improved screening tools and strategies are
required for detection and management of very low-
density parasitemia in the field

N Improved quality control is required for rapid diagnostic
tests (RDTs) and microscopy in the field, to ensure
confidence in diagnosis for case management

N More sensitive tests are required for Plasmodium vivax
for case management

N Field-ready glucose-6-phosphate dehydrogenase (G6PD)
deficiency tests and strategies for use to allow safe use
of drugs against P. vivax liver stages are needed

N New strategies to manage parasite-negative individuals
are needed to justify the continued inclusion of malaria
diagnostics in febrile disease management in very low
transmission areas.

Figure 1. The position of different diagnostic approaches/tests in relation to morbidity, parasite prevalence, densities, and
different stages towards malaria elimination. Image credit: Fusión Creativa.
doi:10.1371/journal.pmed.1000396.g001
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Experience in eliminating malaria and maintaining elimination

(or very low transmission) in sub-Saharan Africa is lacking, but

experience from other areas suggests that resource requirements

may be prohibitive and long-term maintenance of very low

transmission and prevention of rebound unachievable using

conventional management [29,30]. Innovative approaches are

therefore required. Diagnostic tools capable of detecting very low

parasite densities (1 parasite/ml blood) in asymptomatic individuals

Table 1. Target product profiles for malaria diagnostics.

Characteristic Case Management in Elimination Settings Screening/Surveillance (District Level or Below)

Technical specifications

Analytic sensitivity (parasite/ml)a E, 100–200, D,5b E = 20, D#5

Diagnostic sensitivitya E.95%, D$99% E.95%, D$99%

Analytic specificity Negative all pathogens,
common blood disorders

Negative all pathogens,
common blood disorders

Diagnostic specificity E.90%, D.95% E.99% surveillance low-transmission areas, E.95% screening

Temperature stability E.35uC, D.45uCc (2 y) E, 30uC; D, 45uC for short periods

Integrity of packaging E, Moisture proof E, Moisture proof

Species detection/differentiation:

Pf predominant areasd E, Pf; D, Pf/pan E, Pf; D, Pf/pan

Pf and non-Pf areas E, Pf/pan E, Pf/pan; D, differentiation all species

Genotyping No No/Oe

Ability to detect gametocytes No O

Ability to detect hypnozoites No D

Health systems and technical specifications

Packaging of tests or reagentsf D, individual; D, all required
consumables enclosed; D, bulk
packaging displays temperature violations

D, all required consumables enclosed; D,
bulk packaging displays temperature violations

Field stability/shelf life of consumablesg E, 2 y from manufacture
($18 mo in country)

E, 12 mo (6 mo since country); D, 2 y
from manufacture ($18 mo in country)

Training requirements D, half-day of community-level health worker D, ,1 wk of pretrained medical technician

Reagent requirements E, nontoxic, all nonroutine provided; D,
all necessary consumable items to
perform the test provided in the kit

E, nontoxic, all nonroutine provided; D, all necessary
consumable items to perform the test provided in the kit

Invasiveness E, finger prick or less; D, noninvasive E, finger prick or less; D, noninvasive

Rapidity of resultsh E#30 min; D#15 min E#2 d; D#half-day

Ease of use Community: E, simple, few steps;
Clinic: E, within medical tech ability; D,
simple, few steps

E, within medical tech ability; D, simple, few steps

Cost D#US$1 per test D#US$1 per test

Safety E, high blood safety with basic
universal precautions

E, high blood safety with basic universal precautions

Waste disposal Village-level waste disposal Basic health system waste disposal

Inter-reader reliability (clarity of result) Kappa.0.9 Kappa.0.9

Instrumentation and laboratory
infrastructure requirements

E, no external power source; D,
all provided with test

D, all provided with test

D, desirable; E, essential; O, optional.
aAnalytic sensitivity: detection threshold against the marker of the infective agent (target) in controlled conditions. Diagnostic sensitivity: proportion (percent) of target
cases detected by the test in the setting of intended use. The sensitivity required for P. vivax is generally at least that required for P. falciparum, and the parameters
here should be applied to both. To achieve the required diagnostic sensitivity in low-prevalence settings, a greater analytic sensitivity (lower threshold of detection)
may be required in some cases.

bNot required for febrile case management, but in an elimination setting, it would be desirable to detect incidental parasitemia at this level.
cEssential where stored in the field in ambient temperatures that frequently reach this level. Ambient temperature of prolonged storage in place of use should be
considered the essential temperature stability requirement for a particular product.

dAreas in which infections are almost exclusively monospecies or mixed species P. falciparum infections. It is likely that many such infections have subpatent
coinfections with other species. Where this represents a minority of infections, treatment on the basis of P. falciparum alone is likely to be acceptable from a
programmatic and public health point of view. Non-P. falciparum infections are likely to become relatively more prominent as P. falciparum infections decline in
prevalence, making the detection of non-P. falciparum species more desirable.

eMay be of importance in areas undergoing certification for elimination.
fAll inner (individual test) packaging should display, at a minimum: manufacturer name, product name, expiry date, lot number, target use (malaria).
gOutcome of temperature stability and integrity of packaging (ability to exclude moisture).
hRapidity of results: For case management, results must be available before a patient is likely to leave the clinic. For surveillance, result availability in time for finding and
managing cases is highly desirable.

doi:10.1371/journal.pmed.1000396.t001
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will increasingly be required for active case detection and

population surveillance to obtain a true picture of the prevalence

of parasitemia and probability of transmission (as distinct from

symptomatic malaria) [16–21]. Active case detection and treat-

ment will be required whenever ongoing transmission is suspected

and in high-risk populations (including those crossing borders), if

the likelihood of ongoing transmission is to be eliminated. In these

circumstances, test specificity is of increased importance because

the absence of false positive results is critical in understanding the

presence or absence of transmission [26].

Diagnostic Strategies for Programs in Areas
Where Elimination Has Taken Place

Once malaria is eliminated in a given area, considerable

resources will be required to detect reintroduction through

surveillance and to maintain capacity for rapid management and

investigation of any cases found, as long as the risk factors that

support transmission are still in place. Screening of migrant

populations, screening of populations around detected cases, and

case management tools for screening suspected patients, such as

recent travelers or geographical associates of malaria cases may be

needed. The tools to achieve these activities must be readily

available in an environment where technicians are likely to be

unskilled in the use of malaria diagnostic tests, particularly

microscopy [27]. Thus, the requirements for surveillance and

screening in areas where malaria has been eliminated, but risk of

transmission is present, are similar to those of programs in an

elimination phase. However, case management tools that are

minimally dependent on previous technician experience in

diagnosing malaria will be of particular importance.

Diagnostic Tools for Case Management in an
Elimination Setting

In settings where there is risk of autochthonous or imported

malaria, diagnostics must be capable of rapidly and accurately

detecting and quantifying parasitemia in febrile patients, and

identifying species. In addition, highly sensitive diagnostic tools are

needed for passive case detection and case management at health

care facilities (public or private) that report to the national health

information or disease surveillance systems. The issues around

diagnostics in both case management and surveillance and control

settings have a large impact on, and are impacted by, monitoring

and evaluation requirements and health systems implementation

issues such as the development of improved supply lines and

logistics management, reporting of results and commodity

consumption, and adherence of health workers and patients to

management consistent with diagnostic results. These are all

important areas where pooling of knowledge and sometimes

operational research is required to maximize the impact of the

diagnostic tools discussed below [26,27].

Light Microscopy

When performed to a high standard, light microscopy is capable

of accurately identifying and quantifying Plasmodium parasites with

sufficient rapidity for case management in most settings. It remains

the operational gold standard in both control and elimination

settings. However, the quality of light microscopy in the field is

often inadequate [31–36] and limited by factors such as the

instability and difficult preparation of currently used Roma-

nowsky-based stains [37–39], poorly maintained, low quality

equipment, and inadequate training, supervision, and quality

assurance. Additionally, as malaria transmission decreases, it is

likely that light microscopy technician skills may be redeployed

elsewhere. Consequently, research into sustainable ways to

maintain high-quality light microscopy in field settings, including

innovative training, supervisory, and quality-assurance systems, is

badly needed. More consistent and stable staining techniques are

also required. This area of research has been ignored for the past

60 to 100 years, but has the potential to improve field accuracy

significantly and may also improve the potential of the new

reading techniques discussed below. Large volumes of slides pose

particular challenges with respect to reading, especially in settings

with low parasite prevalence where microscopist performance is

hard to maintain [26].

Digital Microscopy

Computer-assisted analysis of Giemsa-stained slides (possibly

combined with automated staining), or digitized image transfer

(potentially via mobile telephone) to a reference centre for review by

an expert microscopist may enable greater consistency in parasite

detection [40–44]. Additional research is required to determine

whether these techniques will detect lower parasite densities than

can be obtained by traditional light microscopy. Related techniques

under development use software analysis of the scatter of various

wavelengths of light to identify Plasmodium parasites and other

pathogens. Although these digital techniques have the potential to

improve field detection of malaria parasites, field-ready versions are

not yet available, and it is not known whether these tools will meet

the requirements for use in resource-poor settings.

Fluorescent-Assisted Microscopy

Fluorescent-assisted microscopy (FAM)-based methods—for

example, the quantitative buffy coat (QBC) method [45],

incorporation of a fluorescent probe (fluorescence in situ

hybridization [FISH]) or of parasite DNA [46], or antigen

staining—has been used to a limited extent in various programs.

FAM methods may eventually speed up slide reading and reduce

operator error. High-throughput FAM may become possible if

high specificity can be maintained by the absence of low artifactual

staining. However, at present FAM cannot differentiate between

species, a capability considered a major advantage of light

microscopy over today’s antigen-detection tests, although spe-

cies-specific markers for FISH assays and fluorescent-tagged

monoclonal antibodies are being developed. In addition, the

applicability of FAM to parasite quantitation is not clear and FAM

requires specialized equipment that will limit where it can be used.

Antigen-Detecting RDTs

RDTs based on the detection of specific parasite antigens that

use a platform design of lateral immunochromatographic flow

(dipsticks or plastic cassettes) have started to change the way

malaria is diagnosed in endemic settings. RDTs are increasingly

being used at the community level and in control programs for

case management and in prevalence surveys. Good RDTs reliably

detect parasitemia down to 100–200 parasites/ml, which is

comparable to the sensitivity of routine well-performed light

microscopy [47]. In general, RDTs are simple to use. With

training and quality assurance, they can be used by peripheral

facility and village health workers to determine whether malaria

parasites are present in a patient. However, increasing use in field

settings suggests that many commercial RDTs have variable

detection thresholds and field stability [48]. Systems for monitor-

ing performance and routine quality control of manufactured

product lots are therefore required.
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Three parasite antigen types are targeted by currently available

RDTs. Histidine-rich protein 2 (HRP2)-detecting tests have high

sensitivity and specificity for P. falciparum but detectable antigen

frequently persists after parasite clearance. The presence of HRP2

deletions in areas of South America also limits the use of these tests

[49]. Commercial tests for Plasmodium lactate dehydrogenase

(pLDH) have yielded variable results and, in general, have less

potential to detect low parasite densities and greater susceptibility

to deterioration under storage at high temperature than HRP2-

based tests [48,50]. However, species-specific (P. falciparum and

P. vivax) and pan Plasmodium species-specific pLDH-based tests are

available. Finally, tests targeting pan-specific parasite aldolase

have shown inadequate detection thresholds in recent comparative

trials, possibly because of the low concentrations of this target

antigen in parasites [48].

The development of RDTs targeting other antigens may improve

species identification (critical for elimination of P. vivax) and address

some of the deficiencies of the current RDTs. In particular, current

tests for P. vivax, which lack consistency in sensitivity and stability,

might benefit from the use of monoclonal antibodies that target new

antigens or improved manufacturing standards.

Quality-Control Methods for Malaria RDTs

Standardized quality-control methods for RDTs are important

for confirming test quality and ensuring that health workers and

patients trust results. As with microscopy [39], quality assurance of

RDTs requires a comprehensive, organized program [47,51].

Such programs are absent in many countries. The development of

standardized panels containing known concentrations of target

antigens will greatly broaden the reach, applicability, and

sustainability of RDT quality-control programs. Parasite-based

panels that use cryo-preserved parasite preparations [52] are

currently available at a centralized (regional) level, but panels that

are easier to standardize and widely available are needed.

Likewise, standardized regulatory approval and procurement in

keeping with best practices will reduce the requirement for

investment by individual procurement agencies in quality control

and product evaluation programs. The development of low-cost

tools for confirming quality at the national and field level (positive

controls [53]) is also necessary to improve reach and sustainability.

Finally, novel approaches that use PCR to confirm RDT results

might eventually be useful.

Diagnostic Tools for Active Case Detection and
Community Surveys

For use in active surveillance and case finding, a diagnostic tool

must be suitable for use in resource-poor field settings. Diagnostic

tests must therefore be supportable at the district level or below, be

affordable and low-maintenance, require less operator training

than current methods, and have a low requirement for

consumables. They should also detect very low parasite densities

and distinguish between all locally prevalent Plasmodium species, be

minimally invasive, and provide sufficiently rapid results to

facilitate effective case management when an infection is identi-

fied. For use in prevalence surveys, where immediate management

of asymptomatic parasitemia is not the aim, testing at a more

centralized level may be sufficient. But, even in this context, rapid

feedback and case management are desirable.

Molecular (DNA) Detection

Current methods of detecting circulating parasites by demon-

strating parasite DNA through amplification of ribosomal RNA

(rRNA) genes by PCR assays represent the overall gold standard of

malaria diagnostics. When sample concentration methods are

used, 0.5 parasite/ml unconcentrated blood or lower can be

detected. Quantitative PCR can be used to determine the

concentration of circulating DNA and therefore estimate the

density of circulating parasites. Survey and testing techniques,

including pooling of samples, can reduce costs [54] but also reduce

sensitivity to some extent by diluting samples.

At present, the application of PCR-based methods is restricted

to well-equipped laboratories with specially trained technicians,

partly because the need to avoid contamination (which leads to

false-positive results) requires a very high standard of laboratory

practice. PCR capacity is consequently limited in resource-poor

malaria-endemic countries, where considerable investment would

be required to establish and maintain it. PCR capacity-building

programs are underway in several African countries through the

Malaria Clinical Trials Alliance (MCTA). However, its restriction

to well-equipped laboratories limits the applicability of PCR for

surveillance and asymptomatic parasitemia case finding because

timely feedback to allow the treatment of identified cases is

impossible in most endemic areas. The development and field

demonstration of high-throughput field-applicable PCR technol-

ogies is therefore needed to allow wider use of PCR in endemic

settings.

Another molecular detection method based on DNA amplifi-

cation is loop-attenuated isothermal amplification (LAMP). This

method, which amplifies DNA (usually mitochondrial) with a

single thermal cycle, has the potential to reduce the training and

infrastructure requirements of molecular diagnosis [55–57], and

would allow the timely feedback of results needed for case

management. LAMP could also be used for surveillance, for

detection of low-density parasitemia, and for monitoring parasite

presence in antimalarial drug-efficacy monitoring and drug trials.

However, LAMP has not yet been adequately field tested for wide-

scale use or developed in a format suitable for the processes of high

sample numbers.

Hemozoin Detection

Hemozoin, a by-product of Plasmodium metabolism, can be

detected through refraction/absorbance of laser light of certain

frequencies, and has been used to detect malaria and to determine

species. Current field-ready technologies are based on flow

cytometers. Their application is limited to screening, however,

because of low sensitivity at low parasite densities [58–62].

Current research activities include the development of transcuta-

neous hemozoin detection. If sufficiently sensitive and specific, this

approach might offer a noninvasive test for malaria for mass-

population screening of, for example, individuals moving into a

malaria elimination area. Hemozoin detection may find a place in

routine case management if appropriate tools can be developed.

Antigen-Detection Tests

Current antigen-detecting RDTs (see earlier for details) are

likely to miss a significant proportion of asymptomatic cases in

low-transmission settings [16,22,23,39]. Thus, although the

current generation of RDTs can indicate the presence of malaria

in a community, they cannot determine the true prevalence of

parasite carriage. Research aimed towards increasing the sensitiv-

ity of existing RDTs may not change this situation because of the

limitations of the currently available technology. Some antigen-

detecting ELISAs are more sensitive than RDTs. Furthermore,

because they can also be used to quantify antigen, they have been

used to monitor drug efficacy. Antigen-detecting ELISAs may also
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facilitate high-throughput testing. However, their use is currently

limited by laboratory and training requirements.

Antibody Detection

Antibody detection (see also [27]) is currently available in

ELISA and RDT formats, and is a sensitive way to demonstrate

past exposure to malaria parasites (past infection). Because

antibodies may not be detectable in blood-stage infections of very

recent onset, these tests are inappropriate for case management.

However, they may be useful in detecting established P. falciparum

infections in which the blood-stage parasite density has fallen

below the limits of light microscopy or antigen-detecting RDTs

[63]. Detection of antisporozoite antibodies (so-called anti-CSP

antibodies) alone or in combination with antibodies to blood-stage

parasites has also been suggested as a surrogate for detecting

individuals with a high likelihood of carrying P. vivax hypnozoites

(evidence of infection) [64–68]. However, anti-CSP antibody

responses are usually low and transient, especially in areas of low

and moderate transmission, which renders this test unreliable.

Because antibody-detecting tests can identify parasite-infected

individuals who are undetectable by antigen detection or light

microscopy because of low parasite density, they could be used to

screen populations such as migrants or blood donors to identify

asymptomatic individuals at risk of transmitting malaria. They

could also be used for identifying foci of recent transmission in

areas that are otherwise malaria free and to determine the

presence or absence of recent malaria transmission in specific

populations, such as young children. They therefore have potential

applications in confirming areas free of transmission during a

defined period, provided they are further refined and developed in

terms of sensitivity and specificity.

Specific Issues for Reduction and Elimination of P.
vivax Transmission

Detection of Hypnozoites
P. vivax detection and management will become increasingly

important as control measures reduce P. falciparum transmission. In

many programs, P. vivax already causes the majority of clinical

malaria episodes. Because P. vivax can remain latent in the liver but

produces relapse, its effective management normally requires the

use of 8-aminoquinolones to clear hypnozoites from the liver. No

current diagnostic technique is capable of detecting P. vivax

hypnozoites, and none are in development, although tests that can

detect the presence of hypnozoites are a key research and

development need wherever and whenever elimination has a

chance of becoming a realistic goal. While symptomatic cases of

P. vivax can be assumed to harbor liver stages and managed

accordingly, a method for detecting hypnozoites would enable

populations in P. vivax-endemic areas to be screened during the

nontransmission season for asymptomatic individuals likely to have

relapses who could then be treated before they become

symptomatic and transmit in the following transmission season.

Screening could therefore reduce the use of 8-aminoquinolones in

mass-treatment programs in P. vivax-endemic areas, which would

reduce the probability of drug-related severe side effects in

glucose-6-phosphate dehydrogenase (G6PD)-deficient individuals

(see next section). At present, compliance issues with the long

course of primaquine (generally 14 days) have limited the broad

application of this approach, and therefore the need for a

diagnostic test for hypnozoites [24].

Potential biomarkers to detect hypnozoites include direct

markers of metabolic activity, released antigens, markers of host

immune response, and indirect serological markers of other stages

(e.g., sporozoites). A lack of known markers of hypnozoite

metabolic activity and markers of immunity limits the potential

to assess the likely gains from investment in this area, and more

knowledge of the biology of hypnozoites, perhaps through the

development of liver-stage cultures, is required to determine

whether such tests can be developed [69].

Detection of G6PD Deficiency
The only drug currently licensed for the radical cure of P. vivax

infection is primaquine, and the only investigational drug showing

promise is tafenoquine, Both these 8-aminoquinolones cause

hemolysis in G6PD-deficient individuals, the clinical importance

of which varies with the particular G6PD-deficiency phenotype,

and the starting hemoglobin concentration, and may depend on

how the drugs are administered [70].

Because eliminating P. vivax reservoirs will probably involve the

use of a hypnozoiticidal drug [24], unless a non–8-aminoquino-

lone drug is developed, G6PD testing is likely to be required for

wide-scale elimination of P. vivax. The requirements for such a test

differ somewhat from those of parasite-detecting RDTs, because

testing should only be required once in a lifetime and is not

urgently required; the use of hypnozoiticidal drugs can be delayed

if necessary. So, for example, a G6PD test does not have the

stability requirements of an antigen-detecting RDT. Current tests

for G6PD deficiency nevertheless have limitations regarding

storage requirements and the complexity of the procedure, so

research is needed to develop new tests. Importantly, addressing

G6PD deficiency will also involve research into test implementa-

tion—how should samples be tested, where should tests be done,

and how should results be recorded to facilitate retrieval? More-

over, to decide whether further development of field-applicable

G6PD tests is needed also requires more data on the distribution of

G6PD phenotypes and on the efficacy and safety of alternatives to

the standard hypnozoiticidal primaquine regimen.

Other Research Priorities for Future Malaria
Diagnostics

Noninvasive Sampling
Current RDTs detect antigen in peripheral blood samples

obtained by finger prick. This method is generally acceptable for

case management in the formal health care sector, but it presents

some logistical challenges at the community level and in some

private sector settings, particularly with regard to the potential

risks of blood-borne infection. In addition, invasive tests may not

be fully accepted in some settings, particularly when taking

samples from asymptomatic individuals, which could diminish

access to malaria diagnosis, treatment, and surveillance. Nonin-

vasive sampling (for example, saliva or urine collection) has the

potential to overcome these impediments but, at present, the

limitations of sensitivity of nonblood sampling are even greater

than the limitations of blood sampling combined with antigen-

detecting RDTs for screening and surveillance [71–73]. Published

trials of antigen sampling from saliva and urine, for example, have

demonstrated inadequate sensitivity, probably because of the low

concentration of available antigen in these samples [71,74]. Urine

sampling may also present practical and cultural constraints.

Techniques that concentrate antigen may have potential if they

can be made practical for use in low-resource settings, but no such

techniques are currently available. Additionally, if quantification is

required, these methods would need to incorporate a standard to

allow for variations in concentration of saliva or urine.
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Multiplexing
Multiple diagnoses from one assay or ‘‘multiplexing’’ is made

possible by, for example, the inclusion of multiple PCR-based

nucleic acid probes in a single test or the inclusion of antibodies

specific for nonmalarial diseases or of pathological markers of

disease severity. The inclusion of antibodies targeting nonmalarial

diseases in RDTs in their common format (visually read

immunochromatographic tests) increases the technical challenge

of achieving the stability needed for sufficient shelf life and makes

interpretation of results more complex. The usefulness of such tests

is also limited by the ability of the health system to provide

appropriate management for each etiological agent that may be

identified, and the highly variable prevalence of potential target

differential diagnoses within malaria-endemic areas.

However, as malaria rates drop through successful control

programs, the overall fever rate may not change significantly.

Accordingly, it will be increasingly important to integrate

management of malaria with that of other febrile diseases, at the

point of diagnosis, if the program is to remain credible and

sustainable (see also [27]). Nonmalarial fever will need to be

diagnosed with sufficient accuracy to allow practitioners to

manage the main causes of fever successfully and to at least

distinguish major bacterial infections manageable with common

antibiotics from nonbacterial infections.

Research and development needs for multiplexing include the

development of field-ready multiplex tests for malaria and non-

malarial diseases, which are not currently widely available, and

research into the inclusion of markers for inflammation or severe

disease in malaria tests, which would offer the potential to guide the

referral of patients who require urgent management (see also [27]).

Finally, the issue of complexity of interpretation in multidisease

diagnostics needs to be addressed by the development of automated

readers, particularly in combination with technology that allows

multiple distinguishable markers to be captured in a single test line.

Pooling Samples for Surveillance, Gametocyte Detection,
and Genotyping

Three other potential research priorities were discussed by the

Consultative Group, but the consensus was that research into

pooling samples, gametocyte detection, and genotyping was less

Box 1. Summary of the Research and Development Agenda for Diagnosis and Diagnostics

Overarching questions

N What proportion of effort should be directed to screening
and surveillance versus early case detection at various time
points in elimination? Question to be addressed by
modeling and validated in different areas.

N Do we need microscopy for elimination, or can other tests
replace it?

Programmatic issues

N Further data on thresholds of (i) parasite density likely to
cause symptoms in low-transmission settings with variable
or waning immunity, and (ii) transmission potential of
cases with parasitemia below the threshold of microscopy
and RDTs

N Diagnostic tests for nonmalarial febrile illness in malaria-
endemic and malaria-elimination settings

N Distribution of severe G6PD variants

Technical issues: case-management tools
High priority
Stable tests for case management in low-training, low-
technology settings with sensitivity sufficient for community-
level case management, including:

N Antigen-detecting RDTs

N Greater consistency in P. falciparum detection, particu-
larly in the case of nonpersistent antigens

N More sensitive and stable tests to detect non-P.
falciparum parasites

N Clarification of the programmatic/implementation re-
quirements that will ensure good impact in the field

N Standardized low-cost positive controls for antigen-
detecting RDTs suitable for field use

N Sustainable tools for quality control of RDTs at a country
level.

N Further investigation of nonblood sampling to determine
the potential for detecting recoverable antigen in these

samples.

N More consistent, reliable staining methods for microscopy

N G6PD deficiency mapping and identification (if 8-amino-
quinolones are to be used)

Medium priority

N Multiplexing: Other diseases, markers of severity

N Field G6PD detection (may be more important if tafeno-
quine approved), or raised priorities for P. vivax relapse
prevention

N Tools to standardize and improve microscopy interpreta-
tion

Low priority

N Hypnozoite detection (becomes a high priority if feasibility
can be demonstrated through further research on
hypnozoite biology, identifying good biomarkers).

Technical issues: surveillance tools
High priority

N Field-applicable tools for detection of low-density parasit-
emia in a high-throughput manner, suitable for surveys
and active detection of parasite carriage in time to allow
management of positive cases

N Tools for minimally invasive, very rapid detection of low-
density parasite infections suitable for screening of
migrants/travelers

Innovation with potential for major operational impact

N Noninvasive, low-density parasite detection

Low-hanging fruit with immediate application for
elimination

N High-throughput field molecular detection, capable of use
at district level or below

N Positive control methods for RDTs
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urgent. Thus, although the idea of pooling individual samples to

detect parasitemia in very low transmission settings is intrinsically

appealing and could result in cost savings using currently available

tests, the Consultative Group felt that the limited quantity of

antigen or DNA in pooled samples would severely limit the

sensitivity of this approach. Similarly, the group decided that the

development of a detection test for gametocytes should not be

viewed as a high priority requirement. Finally, although WHO

guidelines recommend genotyping of parasites during elimination

phases [39], there is debate about whether research into methods

for genotyping would be programmatically useful, particularly for

P. falciparum. The resource needs to achieve genotyping are

massive, and the long feedback time for results is likely to reduce

the exercise to one of academic interest only. Genotyping could be

useful for P. vivax infections to determine whether a blood-stage

infection is new or a relapse. However, it has not yet been possible

to develop methods that will reliably distinguish between relapse,

recrudescence, and reinfection because of the multiplicity of

hypnozoite genotypes present in P. vivax-infected individuals.

Genotyping might, however, be useful in suspected outbreak or in

new foci of transmission to determine the source of parasites,

particularly when elimination in an area is being confirmed [26].

Sustaining the Effort

The central importance of active case detection in each

programmatic stage towards elimination has been comprehen-

sively dealt with by several of the other malERA Consultative

Groups [24–27]. However, whether active case detection can be

achieved at sufficiently high and sustainable levels will depend to a

great extent on the field utility and costs of the diagnostic and

other tools eventually adopted for this role and on how these tests

are used.

Importantly, when malaria is rare and no longer perceived by

local health services and the community to be of significant public

health concern, ways must be found to maintain the resources

needed to test febrile cases for parasitemia to prevent resurgence of

infection. Because malaria parasite detection will be competing for

resources with other disease priorities with higher mortality, it will

be necessary to target diagnostics to those cases more likely to be

malaria rather than necessarily screening whole populations

(although some form of screening, and the ability to respond

rapidly to reintroduction, will continue to be necessary [26–28]. It

will also be important to integrate malaria detection more fully

with other health service activities and, as nonmalarial causes of

fever become predominant, it will be critical to provide appro-

priate diagnosis and management of alternative causes so that

compliance is maintained through confidence in the ability of the

health system to provide solutions to clinical problems.

Conclusions

Malaria elimination in the most challenging settings will require

improvements in point-of-care tests for case management, and the

development of new tests capable of identifying very low parasite

densities in asymptomatic individuals in field settings for mass

screening and treatment. As a result of our discussions, we propose

a research and development agenda for diagnoses and diagnostics

that should stimulate and facilitate the development, validation,

and use of such tests (see Box 1).

Because malaria generally occurs in low-resource settings, the

profits likely to be made from malaria diagnostic development and

manufacture, particularly in the face of low mortality, are limited.

The current market place for malaria rapid tests is dominated by

small to medium-sized manufacturers, who are unlikely to be able

to make the major investments needed to address these priorities

alone. Thus, the role of donor agencies and product development

partnerships and research institutions in enabling research and

development and in providing the expertise and field access

necessary to shape products to meet program needs will be an

essential element of diagnostics development. Critically strong and

focused, mainly public-private, partnerships will need to built and

nurtured.
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Review

A Research Agenda for Malaria Eradication: Health
Systems and Operational Research
The malERA Consultative Group on Health Systems and Operational Research"*

Abstract: Health systems research and development is
needed to support the global malaria eradication agenda.
In this paper, we (the malERA Consultative Group on
Health Systems and Operational Research) focus on the
health systems needs of the elimination phase of malaria
eradication and consider groupings of countries at
different stages along the pathway to elimination. We
examine the difference between the last attempt at
eradication of malaria and more recent initiatives, and
consider the changing health system challenges as
countries make progress towards elimination. We review
recent technological and theoretical developments relat-
ed to health systems and the renewed commitment to
strengthening health systems for universal access and
greater equity. Finally, we identify a number of needs for
research and development, including tools for analyzing
and improving effective coverage and strengthening
decision making and discuss the relevance of these needs
at all levels of the health system from the community to
the international level.

Introduction

The last attempt at (global) eradication of malaria, which lasted

from 1955 to approximately 1969, depended on vertical

operations (centrally organized activities not linked to subnational

administrative levels and/or communities). These operations—

largely indoor residual spraying—often bypassed health systems,

because it was assumed that they could be run most efficiently with

minimal collaboration with general health services, which were

often poorly developed in endemic areas. In the later phases of the

first eradication era, it became clear that some form of

chemotherapy was needed to reduce transmission, and that good

surveillance was essential for achieving and maintaining malaria-

free status in a given area. Increased attention was then given to

integration with existing health services and to using malaria

eradication strategically to build rudimentary health services in

remote areas [1,2].

Here, we examine the health systems research and development

that is necessary to support a global malaria eradication agenda.

We do not address broader macroeconomic and health system

development needs, even though addressing them would be

beneficial to all agendas. We focus on the elimination phase of the

eradication agenda and considers groupings of countries at

different stages along the pathway to elimination.

On the basis of previous experiences with malaria and other

diseases for which eradication has been attempted, we use

standard definitions for control, elimination, and eradication

throughout this article (Box 1) [3]. Importantly, these definitions

emphasize the need for continued interventions for both malaria

control and elimination.

The Health System

In 2000, The World Health Organization (WHO) articulated a

comprehensive definition of health systems that is now widely

adopted. A health system ‘‘consists of all organizations, people and

actions whose primary intent is to promote, restore or maintain

health’’ [4] with goals of ‘‘improving health and health equity in

ways that are responsive, financially fair and make the best, or

most efficient, use of available resources.’’ In 2007, WHO

developed a conceptual framework comprising six ‘‘health system

building blocks’’ that has also been widely adopted (Box 2) [5].

This framework has now been further elaborated [6] to include

the role of people, not just at the centre of the system as mediators

and beneficiaries, but as key actors in driving the system itself.

Thus, the framework includes the participation of people as

individuals and in civil society organizations and stakeholder

networks, which influence each of the building blocks. Placing

people and their institutions at the centre of this framework

emphasizes WHO’s renewed commitment to the principles and

values of primary health care—fairness, social justice, participa-

tion, and intersectoral collaboration (see Figure 1).

Currently, three revolutions are under way that will transform health

systems: the biotechnology revolution, the communications and

information technology revolution, and the systems thinking. Systems

thinking is a holistic approach to analysis that focuses on the emergent

behaviour of complex systems. It analyzes how a system’s constituent

parts interrelate and how systems work over time and within the

context of larger systems. Applied to problem solving, systems thinking

addresses the dynamic, mainly nonlinear linkages, interactions, and

behaviours among the elements of the entire system. Systems thinking

as developed and used for other complex systems is now being applied

in health systems [7] and is essential for understanding what works, for

whom, to what extent, and under what circumstances. It also helps

predict and mitigate possible unintended consequences of particular

actions and to exploit synergies from concerted action in the system.

Review articles synthesize in narrative form the best available evidence on a topic.
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The promotion and application of systems thinking will be very timely

as the malaria eradication agenda develops.

Health Systems for Malaria Control, Elimination,
and Eradication

The Global Malaria Action Plan (GMAP) was launched in 2008 by

the Roll Back Malaria partnership against a background of greatly

increased investment in research and development for malaria-

control technologies since 1999 and extraordinary increases in

funding for malaria control through national and global financing

mechanisms since 2002 [8]. The GMAP includes three phases. The

first phase—scaling-up for impact—aims to rapidly reach universal

coverage for all populations at risk with locally appropriate malaria-

control interventions, supported by strengthened health systems. The

second phase—sustained control—aims to prevent the resurgence of

malaria by maintaining universal intervention coverage until

countries enter the elimination stage. In the final phase—elimination

and eradication—it is estimated that more than 20 lower burden

countries around the world will be poised to eliminate malaria.

There is currently a broad global consensus on malaria-control

strategies, and almost all malaria-endemic countries now have

national malaria programmes in line with GMAP. Malaria

indicators (both for coverage and health impact) are moving in

the right direction in many countries [9]. However, progress in

most endemic countries is slower than it could be, given the

available financial resources. Among the main reasons for the

suboptimal pace are constraints to the delivery of essential malaria

interventions at effective coverage levels and quality to populations

in need [9–11]. There is no doubt that success in moving towards

eradication will be heavily dependent on health systems [12,13].

Some of the health system challenges in a country facing a huge

malaria burden and in a country on the brink of phasing out the

disease are similar, but such countries also pose different health

system challenges. For example, quality case management is

needed in all phases. In contrast to most other diseases for which

elimination is being considered, the symptoms of malaria are

nonspecific. Furthermore, treatment needs to start soon after

symptoms appear both to prevent the development of severe

disease and death and, particularly in areas where malaria

prevalence is low, to help reduce transmission. The capacity to

diagnose and provide early and effective treatment is therefore

needed wherever there is a malaria risk. Achieving this capacity

requires quality coverage of general health services and is an

important systemic challenge for any antimalaria programme.

By contrast, although survey data can be useful for gauging

progress in highly endemic areas, disease surveillance becomes

increasingly important as the disease burden is lowered. Highly

sensitive and dynamic surveillance becomes the crucial element in

the pre-elimination phase and after [14]. Again, this capacity can

only be achieved by a solid articulation between a specialized

programme and functional general health services.

Finally, although the integration (or at least coordination) of

malaria vector control and other preventive interventions with other

health programmes can be synergistic and efficient in many settings,

such integration becomes less efficient as progress makes malaria an

increasingly focal and epidemic disease. Thus, malaria preventive

interventions can sometimes be managed independently from general

Box 1. Definitions of Control, Elimination, and
Related Concepts [3]

Control: Reduction of disease incidence, prevalence, mor-
bidity, or mortality to a locally acceptable level as a result of
deliberate efforts; continued intervention measures are
required to maintain control.
Elimination of disease: Reduction to zero of the incidence of
a specified disease in a defined geographic area as a result
of deliberate efforts; continued intervention measures are
required.
Elimination of infection: Reduction to zero of the incidence of
infection caused by a specific agent in a defined geographic
area as a result of deliberate efforts; continued measures to
prevent reestablishment are required.
Eradication: Permanent reduction to zero of the worldwide
incidence of infection caused by a specific agent as a result
of deliberate efforts; intervention measures are no longer
needed.
Extinction: The specific infectious agent no longer exists in
nature or the laboratory.

Box 2. The Six Health System Building Blocks
[5]

N Governance: (including leadership) ensuring strategic
policy frameworks combined with effective oversight,
coalition building, accountability, transparency, regula-
tions, incentives, and attention to system design

N Health workforce: responsive, fair, and efficient given
available resources and circumstances, and available in
sufficient numbers

N Health financing: raising adequate funds for health in
ways that ensure people can use needed services and
are protected from financial catastrophe or impoverish-
ment associated with having to pay for them

N Health technologies: including medical products,
vaccines, diagnostics, and other technologies of assured
quality, safety, efficacy, and cost-effectiveness

N Health information: ensuring the production, analysis,
dissemination, and use of reliable and timely information
on health determinants, health systems performance,
and health status

N Service delivery: including effective, safe, and quality
personal and nonpersonal health interventions that are
provided to those in need, when and where needed
(including infrastructure), with a minimal waste of
resources

Figure 1. Health system building blocks [7]. Image credit: Fusión
Creativa.
doi:10.1371/journal.pmed.1000397.g001
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health services but these operations nevertheless depend on

fundamental health system elements such as policy and governance,

human resources, financing, supplies, and monitoring.

Much progress has been made in recent years towards

understanding health systems better and the importance of

strengthening them. The result is that global health initiatives are

providing increased funding for national health systems to

accelerate progress on universal access to essential health

interventions, including malaria interventions. New initiatives

such as the Task Force on Innovative Financing for Health

Systems [15], and initiatives from the Global Fund to Fight Aids,

Tuberculosis and Malaria (GFATM), Global Alliance for

Vaccines and Immunization (GAVI), WHO, World Bank Joint

Platform for Health Systems Strengthening, and President

Obama’s Global Health Initiative are evidence of the growing

momentum in favour of health system strengthening. At the same

time, there is also an increased emphasis on health systems

research. During the last attempt at malaria eradication,

research, including health systems research, was neglected

because it was assumed that rapid, uniform spraying operations

would lead to eradication. More recent successful malaria disease

and control programmes have been notable for including

research as a critical element [2,11,16].

Health Systems Effectiveness

As an original approach to understanding health system

impediments to sustaining malaria interventions at coverage levels

sufficient to reduce malaria morbidity and mortality to very low

levels, and to achieve and maintain malaria-free status, we

introduce the concept of health systems effectiveness. We used

this concept and a framework for analyzing constraints to scale-up

(see below) as ‘‘stepping stones’’ during our development of a

health systems research and development agenda.

Malaria control and elimination depend in equal measure on

high-performance health systems that can deliver malaria inter-

ventions at high and equitable levels of quality and with effective

coverage. In this context, effective coverage goes beyond the usual

notion of population access to include provider compliant delivery,

patient adherence, and individual benefit from the intervention

[17]. Effective coverage requires the concerted strength of all the

health system building blocks. When effective coverage levels are

inadequate or inequitable, the reasons are nearly always

interacting failures across the building blocks. To pinpoint where

system interventions and strengthening will be effective and

efficient, programme managers need to be able to diagnose those

problems and their determinants and interactions.

Figure 2 provides a graphical representation of the systems

effectiveness framework and shows how an initially high

intervention efficacy translates into low effectiveness in the real

world because of system-specific issues of suboptimal interven-

tion access, inadequate programme targeting because of diag-

nostic shortcomings, incomplete provider compliance, and client

adherence.

District health system observatories are being established in

Burkina Faso, Ghana, Mozambique, and Tanzania to determine

their respective health systems’ effectiveness in delivering artemi-

sinin-based combination therapies (ACTs) [18], and research

projects are starting to use the health systems effectiveness

framework to analyze the determinants of coverage [19].

However, the results of these research projects have yet to be

translated into strategically targeted health system–strengthening

interventions and programme corrections.

A final stepping stone we used to develop the research agenda

outlined in this paper is the framework for analyzing constraints to

scale-up, developed for the Commission for Macroeconomics and

Health [20]. This framework illustrates how barriers to expanding

coverage of essential health services operate at all levels of the

health system, from communities and households, through to

cross-sectoral and sociopolitical levels, and thus suggests that

interventions to address these barriers may need to operate at

multiple levels.

Towards a Systems Research and Development
Agenda

The health systems research and development agenda that our

group has developed derives from the ideas and concepts discussed

above and proposes the creation of a set of tools for applying the

systems effectiveness framework for malaria elimination and

control in different health system settings. The agenda is organized

both across health system levels (community, facility, district,

national, regional/global, and intersectorial; more details of these

levels are given later) and health system building blocks (see Box 2),

but, importantly it also takes account of ‘‘country groupings.’’

These groupings are relevant to the phases defined in the GMAP

and we discuss them here in some detail before presenting our

research and development agenda in full.

Figure 2. Graphical representation of the systems effectiveness framework. How interventions lose traction in health systems: example of
artemisinin-based combination therapy (ACT) antimalarial treatment in Rufiji Demographic Surveillance Area Tanzania in 2006. Source: INDEPTH
INESS Project. Systems Effectiveness Module, Swiss Tropical and Public Health Institute with data from Ifakara Health Institute and US Centers for
Disease Control and Prevention based on [45–47]. Image credit: Fusión Creativa.
doi:10.1371/journal.pmed.1000397.g002
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We suggest that the following grouping of countries is used to

identify the most relevant health system research agendas for

individual countries.

Group 1 includes countries where most of the population lives

in areas where malaria elimination is considered impossible with

existing tools. Currently, most of these countries are scaling up

malaria-control efforts and some are entering the sustained control

phase. This group includes most countries of sub-Saharan Africa

and Papua New Guinea. In these countries, which have large

areas with very intense malaria transmission, it is generally

assumed that malaria elimination will only be possible though the

large-scale application of new tools, which are still to be developed.

Most likely such new tools will need to be applied in combination

with existing ones, and the health system requirements for the

effective delivery of these tools will probably be similar to those of

current malaria-control interventions. Therefore, although under-

taking systems research from the perspective of elimination is likely

to be unproductive in group 1 countries, addressing current health

system constraints on malaria control will almost certainly prove

crucial for any future elimination efforts.

Group 2 includes countries with focal malaria, where a large

part of the population lives in malaria-free areas, and where

research aimed at health system strengthening is likely to play a

crucial role in interrupting transmission in many of the existing

foci. Many of these countries have diverse and complex health

system challenges. This group includes most of the malaria-

endemic countries in South and Central America, middle South

Asia, and Southeast Asia. In sub-Saharan Africa, it includes

southern Africa, the Horn, and the northern part of Sudan. It

corresponds closely to the GMAP group designated as ‘‘control:

low contribution to global deaths’’ [9], but includes additional

countries such as Bangladesh, India, Indonesia, and Nepal.

Group 3 includes countries that are elimination ready. This

group is almost identical to the ‘‘pre-elimination and elimination’’

countries in the World Malaria Report [9] and includes Argentina,

Mexico, most of the countries of the Middle East and Central Asia,

Central China, and possibly Sri Lanka, Vanuatu, and the

Solomon Islands. In these countries, health system issues are

generally not a crucial impediment to elimination, not necessarily

because the health systems are exceptionally strong but often

because the country’s malaria problem has always been relatively

easy to tackle with existing technologies due to intrinsic biologic

(e.g., vectorial capacity or efficiency) or socioeconomic and

development (e.g., improved housing) factors. However, review

of the road to elimination in these countries with the identification

of crucial health system determinants could provide valuable

lessons, so international collaborations/global initiatives should

focus on learning from past experiences rather than undertaking

direct support or capacity strengthening.

This grouping of countries is intended to be specific to the

malaria eradication health systems research agenda. A compre-

hensive listing of countries by these groupings has been avoided

because many countries have areas belonging to more than one of

these categories; this heterogeneity by itself presents policy and

implementation challenges. Furthermore, the boundaries between

groups are imprecise, and some countries could move from one

group to another within few years.

What Goals and Needs Should the malERA Health
Systems Research and Development Agenda
Include?

From our discussions, we propose that the malERA health

systems research and development agenda should consider the

critical/transformational and conditional/situation goals and

needs described in detail in Table 1. Some of these goals and

needs are also partly covered in other papers in this series. For

example, the need for tools to reduce unacceptably and avoidably

low effective coverage of essential malaria interventions and

malaria surveillance is also partly covered by the Monitoring and

Evaluation and Surveillance malERA consultative group [21], the

need for decision support tools to remove policy decision

uncertainty for when to commit to transitioning from control to

elimination is also covered in part by the malERA Consultative

Groups on Modeling and Cross-Cutting Issues [22,23], and the

need for a tool to determine the kind and mix of integrated

interventions that are cost-effective in differing epidemiologic and

health system contexts is covered in part by the malERA

Consultative Group on Modeling [22].

What Research Questions Must Be Asked to
Satisfy Health Systems Needs and Goals?

The research questions that emerge from this above analysis are

presented in Table 2 in a matrix of health system levels and health

system building blocks. Below, we discuss these questions in

greater detail arranged by health system organizational level. As in

Table 2, when no country grouping is specified, the discussion

refers to both group 1 and group 2 countries.

Community Level
Past experience indicates that fixed health facilities cannot reach

all those in need, and that extending the reach of services is

essential to achieve universal and equitable coverage with

interventions for malaria and other diseases. Community health

workers (CHWs) and home management of fevers (which has been

well documented in Africa) offer possible approaches. Several

examples of CHW initiatives are emerging from countries as

varied as India, Sri Lanka, Ethiopia, and Uganda [24,25]. More

needs to be done to capture and share the experience gained from

these programmes, and to ensure that opportunities are taken to

evaluate the effectiveness of different approaches to designing and

implementing CHW programmes.

A range of community-level factors affects the ability of health

systems to reach the population effectively, particularly groups that

are located far from formal health facilities and/or are mobile.

Some of these factors reflect the conventional barriers to access—

financial, physical/geographic, and social [26], but a better

understanding is needed of how community-level factors influence

use in particular settings, and how they can be addressed in the

context of malaria-control and elimination measures.

In the past, some community health programmes failed because

they did not recognize the need to compensate CHWs for time

spent delivering services, and because they were not sufficiently

linked into and supported by the health systems’ ‘‘higher’’ levels

[27,28]. There is a rich literature on CHW systems that should be

exploited, but given rapid changes—such as the greatly improved

levels of education and the proliferation of private providers in

many areas—continued experimentation with different approach-

es is needed to sustain CHW performance and motivation,

including different forms of health facility support (for example,

supervision). Better ways of integrating CHWs’ results into health

information and surveillance systems and ensuring that they

receive information from these systems also need investigating.

Furthermore, as malaria transmission falls and countries enter the

elimination phase, it will become critical that malaria surveillance

systems improve their coverage to include data from whichever

services are used by people at risk [21]. Finally, diagnostic and
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other tools for use at the community level that are implemented as

part of integrated strategies for managing illness, such as the

Integrated Management of Childhood Illness (IMCI) and

Integrated Management of Adult and Adolescent Illness (IMAI)

strategies, have the potential to create quantum leaps in service

and need to be adapted through research to the changing malaria

epidemiological context. Unfortunately, few, if any, of these

strategies are being systematically promoted in malaria risk areas

in category 2 countries.

Facility Level
The health facility is the main point of contact with the health

system for many people with fever, although private and informal

providers are also important in many settings. It is also the focal

point for collection, and ideally, use of data gathered through

routine health management information systems. Many health

systems face the challenge of ensuring that health workers are

present in health facilities, have the required training and

knowledge, are equipped with the relevant drugs and other

supplies, and are motivated to use these resources to provide high-

quality and responsive care that follows national policies and

standards.

New research is needed on how best to improve health worker

performance [29,30]. A range of potential policy interventions has

been suggested, including the traditional approaches of training

and supervision, performance-based pay, bottom-up approaches

using community accountability structures, and interventions

addressing the mindset of health workers [31]. Other than

training, the evidence about what works best and in what contexts

is very limited, and deserves urgent attention.

Critically, interventions to improve health worker performance

need to recognize the interconnectedness of the different health

system building blocks. The design of pay-for-performance

schemes, for example, involves questions of how best to govern

such arrangements and the role of the community in these

schemes, what the form and level of payments to health workers

Table 1. Categorization of the malERA health systems research goals and approaches.

Categories Goals/Problems Means/Approaches Cross-Cutting Stage of Elimination/Eradication

Critical/transformational Reduce unacceptable and
avoidably low effective
coverage of essential
malaria interventions.

Develop/validate toolkit
for owning, analyzing,
and responding to
system-level bottlenecks
in intervention delivery
and use.

Yes, drugs,
vaccines, vector
control, diagnostics.

Scaling-up, sustained control,
preelimination, and elimination.

Harness a community
of health systems
analysts into the
malaria elimination
community.

Assess other models of
global disease elimination
enterprises to develop an
optimal approach to an
appropriately widened
community.

Yes. Scaling-up, sustained control,
preelimination and elimination,
prevention of reintroduction

Understand how and
facilitate strengthening
of health systems by
disease-specific global
health initiatives in malaria.

Assist global health
initiatives to apply systems
science to guide health
system strengthening
investments.

Yes, concerns
all agendas.

Scaling-up, sustained control,
preelimination, and elimination.

Conditional/situational Facilitate policy decision
uncertainty for when to
commit to transitioning
from control to elimination
phase and understand
how disease-specific
global health investments
in malaria strengthen
health systems and
facilitate it.

Develop systems dynamic
modeling, tools and case
studies to understand
determinants for elimination
go-no/go policy decisions.

Yes, concerns
all agendas.

Scaling-up, sustained control and
preelimination, elimination.

Determine whether the
kind and mix of integrated
interventions are
cost-effective in differing
epidemiologic and
health system contexts.

Develop system dynamic
modeling and respective
tools as well as case studies
to assess synergies.

Yes, drugs, vaccines,
vector control.

Control, preelimination, elimination.

Increased emphasis Communicate determi-
nants of successful
regional and inter-
country collaboration
for disease elimination

Critical review and analysis. No. Elimination.

Major increase in community
and district engagement
and ownership of the
malaria-control and
elimination agenda.

Develop means to engage
communities more
effectively in case
management, vector
control, and surveillance.

Yes, drugs,
vaccines, vector
control, surveillance.

Control, preelimination, elimination.

doi:10.1371/journal.pmed.1000397.t001
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Table 2. Matrix of health systems research and development needs.

Level/Building
Block Governance Human Resources Financing Informationa

Service Delivery,
Medicines, and
Technology

Community level How can lay
boards (community leader
councils) strengthen local
health service delivery?
(Group 1 countries)

What is the role of
CHWs and private
sector providers in
treatment of malaria
and nonmalaria fevers,
and in what settings
are they crucial?

What are the
main financial
(and other) barriers
to health services
use and how can
these be overcome?

What is the best
approach to community-
based monitoring of
malaria and other
communicable diseases
building on existing
and past efforts?

How can the community
components of
integrated approaches
(IMCI and IMAI)
be strengthened and
adapted to different
epidemiological and
system settings?

What is the role of
communities in active
efforts at transmission
reduction (as opposed
to reducing morbidity
and mortality
from malaria)?

How can they be
incentivized and
integrated with the
health system to
support and sustain
their performance?

— How can health
information systems
include information
from and to CHWs?
(Group 1 countries)

—

Facility level Tools for assessing
illicit payment
for services

What are the most
effective and
appropriate methods
for monitoring health
worker performance?

— How can modeling
and evaluation
innovations for malaria
eradication strengthen
health systems?

Development of IMCI
and IMAI updated with
new diagnostic tools and
adapted to the malaria
elimination context

— What types of financial
and nonfinancial
incentives can best
support and sustain
improved health
worker performance?

— Tools for assessing
local coverage,
quality, and equity
to apply to systems
effectiveness
framework

Development of
appropriate multidisease
diagnostic tools

— — — — Tools for drugs and
supplies stock
management

District level What model(s) for
district manage-
ment of malaria-control
programmes are
effective in
achieving and maintai-
ning near zero malaria
burden en route
to elimination?

What are the
appropriate organiza-
tion and management,
skill mix, human
resource structure,
and enabling factors
to support effective
service delivery?

Tools for developing
efficient decentralized
decision making and
administration

How do we engage
private providers
and capture their
data?

How can private
provider involvement in
case management,
surveillance and
vector control be
harnessed?

— — — How can district
managers be
supported to use
the systems
effectiveness
framework and tools
to remove bottlenecks
in service delivery?

How can data for
decision-making skills be
taught such that
responses to
resurgences in malaria
burden are swiftly
responded to? [17]
Tools for systems
effectiveness framework

National level What investment
and tools will
ensure the quality
of governance
and accountability
required for
malaria elimination?
(Groups 2 and 3).

What experience is
there of strengthe-
ning health worker
motivation and
performance through
disease-specific
programmes, especially
looking at global
elimination initiatives
(positive synergies)?

What financial
resources will be
required to manage
the certification
process at subnational
and national levels?
(Groups 2 and 3).

What experience
is there of strengthe-
ning health
management information
systems through
disease-specific
programmes,
especially looking
at global elimination
initiatives (positive
synergies)?

What is the cost-
effectiveness of different
delivery modes in
different national/
subnational settings
(e.g., community
strategy versus facility,
integrated curative
services versus
specialized, integrated
vector management)
malaria vector
control; operations
research on effect of
scale
on optimal
organizational
structures?
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should be, and the source of funding, how to use the health

information system to measure performance, how to ensure that

complementary inputs such as training and supplies are coordi-

nated and sustained, and how to avoid the risk that incentives may

distort targets and divert attention from nontargeted services.

Research on health worker performance should be multidisciplin-

ary, therefore, and needs to recognize the complexity of possible

interventions.

Research that focuses on developing new tools for assessing

coverage, quality, and equity at the facility level that can be used

to monitor health facility performance and analyze system

effectiveness is also needed. Such tools are essential to identify

Level/Building
Block Governance Human Resources Financing Informationa

Service Delivery,
Medicines, and
Technology

What governance
structures are
required to manage
the elimination
certification
process?

— What financing
mechanisms are
optimal at the
national level to
ensure a predictable
and sustained flow
of resources for
malaria elimination?
(Group 2)

— What experience is there
of strengthening service
delivery and logistics/
distribution chains
through disease-specific
programmes, especially
looking at global
elimination initiatives
(positive synergies)?

What experience is
there of strengthening
health system
governance through
disease-specific
programmes, especially
looking at global
elimination initiatives
(positive synergies).

— — — —

Tools to identify and
evaluate possible
interventions required
in health system
governance

— — — —

Regional and
global level

What are the
determinants
of successful
intercountry
collaboration on
shared public health
targets?

Tools: development
of better regional
training

— — What are the strengths
and weaknesses of
current malaria
surveillance and case-
management practices
in endemic countries
belonging to group 2?

Intersectoral
level

Does the formulation
of time-specific malaria
elimination targets
strengthen the
participation of
public and private
stakeholders?

— What are the
macroeconomic
benefits of malaria
elimination?
(Group 3)

— What are the local
geographic, economic,
ecological, cultural
determinants of malaria,
and community and
health system response?
Includes operations
research on service
provision for mobile and
marginalized
populations

— — — — What architecture and
dynamics of complex
intersectoral
intervention strategies
are required to achieve a
major, sustainable, and
cost-effective city-wide
impact on persistent
urban malaria?

Group 1, countries that are scaling up and entering the sustained control phase, where most of the population lives in areas where malaria elimination is considered
impossible with existing tools; group 2, countries with focal malaria, where a large part of the population lives in malaria-free areas, and where health systems
strengthening could play a crucial role in interrupting transmission in many but not necessarily all of the existing foci. These are often countries with very diverse and
complex health systems challenges; group 3, elimination-ready countries. When a group of countries is not indicated, the text applies to group 1 and group 2 countries
alike.
aResponsibility for these issues shared with malERA Monitoring, Evaluation, and Surveillance group.
IMAI, integrated management of adult and adolescent illness; IMCI, integrated management of childhood illness.
doi:10.1371/journal.pmed.1000397.t002

Table 2. Cont.
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bottlenecks that may impede malaria elimination efforts. In the

context of malaria elimination activities, the development of

surveillance systems and the development of ways to monitor their

performance require highest attention.

In some settings, a significant amount of treatment seeking for

fever takes place outside public sector facilities, through private

health providers, pharmacies, and shops. The engagement of such

providers has mainly been done in limited malaria intervention

projects rather than in programmes, and most of the literature

concerns the pre-artemisinin-based combination therapy–rapid

diagnostic test (ACT-RDT) era [32]. More research is therefore

needed on approaches to quality assurance that will ensure that

these facilities/providers adhere to guidelines [33], and are

covered by systems for gathering surveillance data.

District Level
The district is the initial coordination hub for delivering services

and commodities to people (through health facilities and community

programmes). The district is therefore the focal point for priority

setting, resource allocation, financial administration, supply chain

management, accountability for health worker performance,

engagement of the private sector, surveillance and response, and

monitoring, evaluation, and information management.

Some of the critical bottlenecks in malaria-control operations

currently stem from weaknesses at the district level for the above

operations. These bottlenecks result in inequitable or irrational

financial distribution, frequent stock-outs, poor-quality services,

and inefficient disease-control operations. The enhancement of

district-level system operations will therefore contribute signifi-

cantly to reducing effectiveness losses for interventions, and

increase the cost-effectiveness of programmes. Although there

has been substantial investment in district-strengthening ap-

proaches and tools, these have not been as productive as they

could be for a variety of reasons, such as insufficient decentral-

ization and lack of information feedback. Innovations in

information, communication, and decision-support tools (biomet-

rics, bar coding, mobile phones and texting, computerized logistics

systems, server-based data systems, among others) have the

potential to improve district health systems in a cost-effective

manner.

The systems challenges at the district level are common to group

1 and 2 countries. However, in group 1 countries they may be

almost universal in rural areas, whereas in group 2 countries,

systems challenges may only be considerable in the most malaria-

endemic areas where deep poverty, difficult terrain, and various

social barriers converge. Thus, district-strengthening efforts need

to be more targeted in group 2 than in group 1 countries.

Furthermore, in group 1 countries, the primary challenge is to

enable the health system to achieve universal coverage of malaria-

control interventions and to optimize their use (thereby reducing

effectiveness losses), whereas in group 2 countries and in group 1

countries where the malaria burden has decreased, the challenge

at the district level is increasingly to enable the system to respond

to the technical demands of elimination. This challenge requires a

greater focus on real-time information management and response

and so, in these settings, research data that is relevant to

developing decision-making skills will be critical.

National Level
Ultimately, the decision to embark on malaria elimination rests

at the national level even if malaria elimination applies to only a

region of the country. Such decisions must be based on operational

and technical feasibility, as well as regional economic and political

considerations [34].

Group 2 countries are more likely to have had some historical or

more recent regional experiences with malaria elimination, and

may see elimination as a ‘‘completeness exercise’’ or as an entry

point to strengthening the systems response to address the health

needs of neglected areas or population groups [35]. In some group

1 countries, elimination may be possible in specific areas.

Generally, elimination targets for provinces, regions, or other

administrative units that are highly developed and already close to

malaria-free status may be sensible and justified from a regional

viewpoint but of little importance from a national health

perspective (e.g., Zanzibar in Tanzania, Goa in India). By

contrast, national elimination targets—provided they are realis-

tic—may provide strategic leverage for improving health equity at

the national level.

The overriding research questions at the national level must be

directed towards defining the best possible arrangements for

governance, structural and functional organization between the

system and malaria-specific programmes, and must be directed

towards determining the implications of malaria elimination for

cross-border political dialogue and arrangements with neigh-

bouring countries. Models for financial sustainability also need to

be established. These issues will be relevant in group 1, 2, and 3

countries, and through all the phases of disease control,

elimination, certification, and prevention of reintroduction. An

analytical review of past elimination programmes for other

diseases—both successes and failures—with these questions in

mind would be helpful. A recently published review provides

useful information on interactions between global health

initiatives and country health systems [36], but there are obvious

differences between initiatives for reducing major disease burdens

and elimination activities, which aim at small burdens.

Regional/Global Level
WHO recently revised its guidelines on malaria elimination and

certification, emphasizing the need for regional intercountry

collaboration [37]. In recent years, cross-border collaboration

for malaria control has been inefficient in contrast to, for example,

collaboration on polio elimination. Therefore, experiences from

these successful intercountry collaborations and malaria-control

initiatives should be mapped to provide a better evidence base for

strengthening the intercountry collaboration needed to achieve

national elimination targets.

An issue that will and should be addressed is subnational

elimination. While any country is free to certify any area as

malaria-free, WHO needs data on the achievement and

maintenance of subnational areas of malaria elimination to

develop guidance so that countries are spared the embarrassment

of declaring an area malaria-free only to have transmission be

detected soon after.

In addition, the current malaria surveillance and case-

management practices of a sample of countries should be

investigated and mapped by health systems research groups that

are external to and independent of the malaria-control/elimina-

tion programme (see [21]).

Intersectoral Collaboration
The engagement of sectors other than health is sometimes but

not always important for malaria control and elimination. The

importance of intersectoral collaboration is determined by the

extent to which other sectors are responsible for causing a local

malaria problem through environmental change or population

movement, and by whether a particular sector, such as education,

plays a crucial role in achieving elimination. There is an extensive

literature on the influence of development projects on malaria
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(e.g., [38]) and on integrating health considerations in programme

planning (e.g., [39,40]). Serious difficulties can be expected where

population movements related to natural and man-made disasters

and conflict occur, in situations where ‘‘spontaneous’’ population

movements related to traditional economies (for example,

nomadism, transhumance) occur, and in urban areas where a

multitude of actors make it difficult to identify the most important

partners, where there is often less social cohesion, and where

indoor residual spraying is often not possible.

Situations such as these have proven resilient to malaria control

and elimination efforts over several decades. Mobile populations

that are exposed to malaria, especially in or near forested areas in

Latin America and South and Southeast Asia, often belong to

ethnic minority groups and are subjected to various political and

economic pressures. Interdisciplinary research (geographical,

ecological, economic, social) and trials of different service delivery

modes have proven useful in, for example, the Amazon, Thailand,

and Vietnam [41–43]. Such research is needed in many more

areas to validate for local adaptations of approaches in specific

settings.

Urban malaria is a specific problem on the Indian subcontinent

[44] where it needs to be investigated in all its dimensions from

entomology to basic human ecology, and from household and

industrial politics to local, municipal, and national level politics.

Concluding Remarks

In our discussions and in this article we have identified and

characterized the major health systems needs relevant to the

elimination of malaria and have articulated key research questions

that need to be addressed at various health systems levels. In Box

3, we present the summary of the research and development

agenda for health systems and operational research that resulted

from our discussions. With malaria elimination on the agenda, one

important, generic question needs to be addressed through health

systems research. To what extent does an explicit target of malaria

elimination motivate other sectors to participate in malaria

control? If research evidence shows that such an explicit target is

a potent motivator of other sectors, then ministries of health might

be more inclined to be highly vocal and explicit about elimination

targets and about the possible consequences of not meeting these

targets.
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de Investigaçao em Saude da Manhiça, Mozambique; David Bell,

Foundation for Innovative New Diagnostics (FIND) Geneva, Switzerland;

Kara Hanson, London School of Hygiene & Tropical Medicine, London,

UK; Kamini Mendis, World Health Organization, Geneva, Switzerland;

Robert D. Newman, World Health Organization, Geneva, Switzerland;

Don de Savigny, Swiss Tropical and Public Health Institute and University

of Basel, Basel, Switzerland; Allan Schapira, Swiss Tropical and Public

Health Institute and University of Basel, Basel, Switzerland; Laurence

Slutsker, US Centers for Disease Control and Prevention, Atlanta,

Georgia, USA; Marcel Tanner (chair), Swiss Tropical and Public Health

Institute and University of Basel, Basel, Switzerland; Thomas Teuscher,

Roll Back Malaria Partnership, Geneva, Switzerland.

Lists of participants in the malERA meetings and extra
contributors:

Washington (D.C.) (February 2009) Health Systems, Opera-
tional Research, and Diagnosis/Diagnostics meeting: Pedro L.

Alonso, Barcelona Centre for International Health Research (Hospital

Clı́nic, Universitat de Barcelona), Barcelona, Spain, and Centro de
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Box 3. Summary of the Research and
Development Agenda for Health Systems and
Operational Research

Overarching issue: Development and validation of a
tool kit for the national and subnational level, comparable
to rapid assessment procedures, allowing (i) effectiveness
decay analysis for identifying bottlenecks for effective
coverage of malaria interventions and (ii) decisions on the
degree of integration of interventions into existing and
strengthened health systems.

Priority health systems research questions:

N At the health facility level, how can health worker
performance and compliance with best practice be
monitored, enhanced, and sustained?

N At the district level, what are the factors impeding
greater application of existing tools and approaches to
district health system strengthening including surveil-
lance?

N At the national level, what experience is there of
strengthening health system components using dis-
ease-specific programmes?

N At the regional/global level, what are the strengths and
weaknesses of current malaria surveillance and patient
management practices in malaria-endemic countries and
what are the likely determinants of success of inter-
country collaboration for disease elimination?

These research questions need to be defined locally but
are of relevance to all programmes engaged in control or
elimination
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Review

A Research Agenda for Malaria Eradication: Monitoring,
Evaluation, and Surveillance
The malERA Consultative Group on Monitoring, Evaluation, and Surveillance"*

Abstract

Monitoring, evaluation, and surveillance measure how
well public health programs operate over time and
achieve their goals. As countries approach malaria
elimination, these activities will need to shift from
measuring reductions in morbidity and mortality, to
detecting infections (with or without symptoms) and
measuring transmission. Thus, the monitoring and eval-
uation and surveillance research and development
agenda needs to develop the tools and strategies that
will replace passive surveillance of morbidity with active
and prompt detection of infection, including confirmation
of interruption of transmission by detecting present and
past infections, particularly in mobile populations. The
capacity to assess trends and respond without delay will
need to be developed, so that surveillance itself becomes
an intervention. Research is also needed to develop
sensitive field tests that can detect low levels of
parasitaemia, together with strategies for their implemen-
tation. Other areas to explore include the rigorous
evaluation of the utility of more detailed maps of disease
and infection incidence and prevalence, the development
of new maps to inform programmatic responses and the
use of surveillance technologies based on cell phone or
real-time internet Web-based reporting. Because any new
strategies for monitoring and evaluation and surveillance
for eradication have major implications for program
implementation, research is also needed to test systems
of delivery for acceptability, feasibility, efficiency, cost-
effectiveness, and community engagement. Finally, there
is a clear need to systematically review the information
from past elimination efforts for malaria and other
infectious diseases.

Introduction

Monitoring (the systematic tracking of program actions over

time) and evaluation (the examination of progress and its

determinants) activities measure how well public health programs

operate over time and whether they are achieving their program

milestones (markers of progress within and transition between

phases) and ultimate goals. In the context of malaria program

scale-up, monitoring and evaluation focuses on the evaluation of

burden reduction, specifically morbidity and mortality [1].

However, as programs successfully reduce transmission to near-

elimination levels, the measurement of malaria-associated mor-

bidity and mortality burden becomes increasingly difficult and

insensitive, particularly since a substantial proportion of infections

will be asymptomatic in countries that experienced high infection

rates in the recent past. Thus, burden measures that only detect

clinical illness will not provide good estimates of ongoing

transmission as countries approach elimination, and malaria

program monitoring and evaluation and surveillance methods

will need to focus on detecting infections (with or without

symptoms) and measuring transmission dynamics as the primary

indicators of interest.

The malERA Consultative Group on Monitoring, Evaluation,

and Surveillance focused on defining the monitoring and

evaluation and surveillance research and development needs as

malaria elimination efforts unfold over the next 5–20 years.

Information gaps and research needs were identified by the group

by considering several broad thematic areas: lessons learned from

countries that have recently achieved malaria elimination [2] or

elimination of other diseases; the required evolution of the malaria

monitoring and evaluation framework and indicators; surveillance

as an intervention to reduce transmission; measurement of

transmission interruption and maintenance of zero transmission;

the tools (currently available and in the pipeline) needed, including

diagnostics (screening, confirmation, and transmission measure-

ment), mapping, and communication; and implementation issues.

Information and research needs that were identified include:

systematic reviews of existing information and experience, and

assembly of that work into guidance; protocol or standards

development for conduct of certain activities; and research and

development activities to produce new information where

guidance or experience does not exist, and new tools where these

will enhance capabilities.

The World Health Organization (WHO) and the Roll Back

Malaria (RBM) Global Malaria Action Plan (GMAP) characterize

different ‘‘phases’’ of malaria control as programs progressively

reduce transmission, though it is understood that these phases are

part of a continuum rather than abrupt shifts [3,4]. At high levels

of transmission, initial efforts are focused on scaling up for impact

(SUFI). Sustained control efforts subsequently lead to further

transmission reduction. As very low levels of transmission are

reached, programs move from a focus on control to a focus on pre-
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elimination and elimination, and finally prevention of reintroduc-

tion. Where appropriate, we shall indicate where proposed

research and development activities would fit into this malaria

elimination framework.

Lessons Learned from Other Diseases or Current
Malaria Elimination Programs

Several diseases other than malaria have been proposed for

eradication or elimination. General lessons learned from these

other disease elimination efforts have been summarized and

underscore the critical role that monitoring and evaluation and

surveillance play in these efforts [5–9]. The essential role of

monitoring and evaluation and surveillance in informing elimina-

tion program efforts is particularly clear in past smallpox efforts

and ongoing polio activities. Many countries have either

eliminated or are in the process of pursuing malaria elimination.

There is, therefore, a clear need to systematically review and

summarize the monitoring and evaluation and surveillance lessons

learned from both successful and unsuccessful disease elimination

programs. In the context of malaria elimination, efforts are

underway to summarize and disseminate recently accrued

experience [2,10]. This review work should be done even before

the elimination phase.

General needs for monitoring and evaluation and surveillance

that have already emerged from experience with elimination

efforts for malaria and for other diseases include the need for:

improved management of systems; improved identification of

infected individuals; enhanced methods for engaging and

developing community support; improved information sharing

for advocacy (at the community level and involving high level

leaders); and improved ways of conducting surveillance activities in

the private sector. Past experience also indicates that current and

future tools and strategies for monitoring and evaluation and

surveillance will need to be tailored to the individual epidemio-

logical, entomological, and socio-cultural situation.

Monitoring and Evaluation Framework and
Indicators

The current Monitoring and Evaluation Framework for malaria

comprises a series of activities, namely, Assessments and Planning,

Inputs, Processes, Outputs, Outcomes (intermediate effects), and

Impact (long-term effects; Figure 1A) [1]. Each part of this schema

can be monitored with a specific set of indicators that tracks

progress in program implementation. Historically, the malaria

community has focused on illness and mortality reduction as

indicators of impact, but will these and the other current indicators

shown in Figure 1A serve us well for elimination efforts?

There is general consensus that these coverage indicators will

continue to be useful because high intervention coverage will need

to be maintained en route to elimination, especially in Africa

where transmission is intense. However, as elimination is

approached, other indicators will need to be adapted and new

ones will need to be introduced. For example, indicators that track

the proportion of cases with parasitological confirmation or that

focus on coverage of individuals in specific geographic areas where

foci of transmission are located will be needed. Similarly, if

transmission blocking vaccines are deployed, coverage with the

vaccine will need to be tracked. The utility of indicators and

databases for parasite strain information that could differentiate

indigenous from imported cases may need to be evaluated. In

addition, methods and indicators for tracking population move-

ments within and between countries and quantifying their

contribution to the risk of malaria transmission may be useful.

Furthermore, greatly reduced malaria morbidity and mortality

levels (achieved through intervention scale-up and sustained

control) will need to be monitored, although ultimately, as

elimination approaches, the measure of impact will need to be

infection and transmission (sometimes from introduced cases), and

programs will need to include active case detection and case-based

investigation and response within a revised Monitoring and

Evaluation Framework (Figure 1B) (also see [11,12]).

Surveillance as an Intervention

As noted in the Introduction, monitoring and evaluation are

critically required for measurement of malaria control program

success. Over time, the term ‘‘surveillance’’ has become somewhat

synonymous to some with monitoring and evaluation, but the

WHO Global Malaria Eradication Program (GMEP), which

lasted from 1955 to 1969, defined surveillance quite specifically as

an integral action or intervention within that eradication program

(Box 1) [13].

Malaria programs contemplating an elimination strategy must

be prepared to change their strategies of monitoring and

evaluation and surveillance as transmission is reduced [14,15].

Thus, many countries begin scale-up of malaria control interven-

tions with relatively high levels of malaria transmission and

develop monitoring and evaluation programs that rely on the

collection of routine information (often from health facilities and

health management information systems) and on periodic

population-based surveys. Together, these approaches collect

information on intervention coverage and use as well as changes

in malaria burden, but, as transmission intensity drops to near

elimination levels, surveillance as defined by GMEP needs to

increase (Table 1).

In the context of malaria elimination programs, the goal is to

achieve complete reporting of each case of infection to health

authorities, regardless of whether symptoms of fever or illness are

present. Critically, malaria control programs usually identify

individuals with fever/symptoms and laboratory-confirmed ma-

laria parasite infection as ‘‘malaria cases,’’ but do not systemat-

ically assess the extent of asymptomatic malaria infection. As

transmission decreases and individuals have less exposure to

malaria, they lose acquired immunity and a higher proportion of

Summary Points

N As countries approach malaria elimination, monitoring,
evaluation, and surveillance activities will need to shift
from measuring morbidity and mortality to detecting
infections and measuring transmission

N Diagnostic tools (in particular, practical, field-ready tools
for the detection of asymptomatic infection and DNA-
based and serological biomarkers for malaria infection
and transmission), and methods for tracking population
movements will need to be developed and improved

N Development and use of better malaria distribution
maps to guide elimination efforts requires more research

N Research is needed to assess and compare the
performance of malaria transmission metrics at near
zero transmission; new metrics will need to be devel-
oped for use in this setting

N Research should also be undertaken to test and improve
the feasibility, efficiency, and cost-effectiveness of new
information systems
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infections present with symptoms. However, in populations in

rapid transition from high exposure to low exposure, the

proportion of persons with enough acquired immunity to harbour

asymptomatic infections may remain substantial [16]. For

example, in a low transmission setting in the western Pacific,

.80% of infections identified in a recent cross-sectional

population-based survey were afebrile [17]. Because asymptomatic

infections are a reservoir of transmission to others, it is critical to

seek all infections rather than just symptomatic cases as a method

to reduce transmission.

For surveillance, standardized definitions for case/infection

reporting are needed, along with a strong mandate for notification

to health authorities of all malaria cases/infections in both public

and private settings [18]. An important area for further research,

therefore, is to investigate how tools such as legal requirements,

financial inducements, and other novel approaches can be used to

improve the coordination of detection and reporting of infections

from the private sector to public health authorities. Importantly,

all malaria cases/infections must be epidemiologically investigated,

and linked to geographic and laboratory data (species and

genotyping) so that the source and potential spread of infection

can be quickly addressed.

Furthermore, reporting systems must be able to analyze

reported data rapidly to assess trends over time and place,

particularly as transmission drops and cases of infection become

increasingly focal in distribution [19]. Although some control

programs in endemic areas have malaria early warning systems,

these systems need better performance characteristics (for

example, better linkages with local information systems) before

they can be truly useful in malaria elimination.

Figure 1. (A) Malaria monitoring and evaluation framework and illustrative data types. Source: adapted from [3]. (B) Evolving malaria monitoring and
evaluation framework with emphasis on transmission. Image credit: Fusión Creativa.
doi:10.1371/journal.pmed.1000400.g001

Box 1. Definitions of Surveillance

Per conventional use: Surveillance is the ongoing,
systematic collection, analysis, and interpretation of data,
often incidence of cases of disease or infection. Surveil-
lance data are used to plan, implement, and evaluate the
progress in public health programs.
Per the WHO Global Malaria Eradication Program: In
malaria eradication terminology, surveillance was that part
of the program aimed at the discovery, investigation, and
elimination of continuing transmission, the prevention and
cure of infections, and the final substantiation of claimed
eradication. The individual functions of surveillance are
case detection, parasitological examination, antimalarial
drug treatment, epidemiological investigation, entomo-
logical investigation, elimination of foci by either residual
spraying or mass drug administration, case follow-up, and
community follow-up. In this definition, surveillance is
seen as an intervention [16].
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Assuming that effective infection detection and prompt and

timely reporting exist, it is crucial that surveillance systems respond

effectively to detected foci of infections and ultimately to individual

infections in order to reduce transmission to a reproduction rate

(R0) of ,1. Although many programmatic responses to detected

infections exist, there is neither a systematic description of such

responses nor a well-defined evidence base to suggest the optimal

strategic approach. For surveillance to be effective as an

intervention, research on useful and efficient modes of both

detection and response must be undertaken [20]. At the most basic

level, it is currently unclear when programs transitioning to very

low transmission conditions should add active case and infection

detection to their response strategies, and whether additional

vector control interventions are needed [21]. The evolution of

these actions and the optimal sequence and mix needs further

evaluation as is also discussed in the malERA paper on modeling

[22].

Finally, countries embarking on malaria elimination must

establish a system for continuous data validation to identify

problems and to prepare for the process of certification of

elimination [23,24]. The concept of ‘‘good surveillance practices’’

should be implemented early to facilitate evaluation of the quality

of the surveillance programs in the process of certification. Any

system needs to be responsive and iterative to improve

surveillance.

Tools to Improve the Efficacy and Efficiency of
Malaria Elimination

The overall strategic approach and mix of actions to address

transmission is critical, but the identification and development of

key tools and actions to optimize these strategic actions is equally

important. Improved diagnostics for screening and surveillance,

optimal use of drugs to reduce transmission [25], better mapping

and use of mapping to track foci of infections, and improved

communications for timely sharing of information and response

are all important.

Diagnostics
Tests that are sensitive enough to detect asymptomatic

infections (as opposed to symptomatic infections or cases) are

needed for elimination [26]. Ultimately, for simplicity and

efficiency, it will be preferable to have the same test for both

surveillance and case management. Elimination has already been

achieved in some areas of low endemicity using currently available

diagnostic tools (principally microscopy), but future efforts will

include areas of previously high transmission that have achieved

significant reductions through intervention scale-up. Existing

diagnostic tools will need to be improved to achieve elimination

in these more challenging transmission areas. Microscopy has

some limitations in human resource capacity needs, sensitivity and

ease of widespread use at the community level. Similarly, currently

available rapid diagnostic tests (RDTs) have limited sensitivity

compared with PCR, and need to be improved in terms of

specificity, ease of use, cost, shelf stability under tropical

conditions, Plasmodium vivax detection, ability to return to negative

after treatment, and multispecies detection capacity where this is

an issue [27]. As discussed in the malERA paper on Diagnoses and

Diagnostics [11], rapid techniques not requiring blood sampling

could provide major breakthroughs.

There is also a need to address issues around effective

supervision and support. In particular, as transmission decreases,

residual foci of infection may cluster in difficult-to-access

populations that are underserved and less likely to access the

health system. Strategies need to be developed and tested for

improving access to and tracking of these populations for screening

and surveillance of infection.

Finally, for eradication, diagnostic tools to measure transmission

and its interruption will be critical. There is considerable interest

Table 1. Program activities and methods for transmission reduction in populations.

Potential Activity Description and Purpose

Prevalence surveys Usually population-based surveys to stratify risk, evaluate impact of interventions, and track
progress towards elimination

Active case detection Regular efforts to ascertain fever and infection in the community

Focused screening for infections (‘‘active infection detection’’) Targeted search for main sources of rare cases (of Pf, Pv, drug-resistant Pf) and eliminating them

Case investigation Detecting infections/cases around index cases for response

Mass screening and treatment Screening large segments of the population to find and treat cases

Mass drug administrationa Administration of treatment to large segments of the populations regardless of infection status to
reduce infections in a population with a relatively high infection rate

Surveillance for drug-resistant parasites Enrollment of cases and follow-up of presence, density, or absence of parasites for in vivo
resistance surveillance to assess treatment efficacy

Detection of gametocytaemiab Find infections that contribute to ongoing transmission so that they can be treated to reduce
transmission

Confirmation of elimination/detection of reintroductionc Measurement of ongoing infection and transmission through sampling and use of biomarkers
such as DNA or serology

Border screening/transit screeningd Rapid diagnostic testing of people crossing borders to allow immediate treatment of positives

aNote that mass drug administration is controversial for a variety of reasons but is presented here for completeness sake as it has been used to some benefit in the past
(see also [25]).

bSee also [11] and [25].
cSee also [11] and [44].
dSee also [12].
Pf, P. falciparum; Pv, P. vivax.
doi:10.1371/journal.pmed.1000400.t001
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in refining current serological tests (ELISA) to assist in the

diagnosis of recent infection (incidence). Serology and other

potential biomarkers are discussed in more detail below.

Mapping and Stratification
Maps of the global distribution of P. vivax and Plasmodium

falciparum that were generated by the Malaria Atlas Project have

recently been published, but there is little research on how best to

use these maps in the context of elimination [28,29], and current

mapping initiatives are limited by data availability, especially for

scenarios that require high resolution. Maps can help define which

low transmission areas are possible elimination targets, and can

define the limits of adverse conditions for transmission, such as

aridity and temperature. Maps can also help to determine where

additional survey work is necessary for better spatial resolution of

endemicity.

On a global scale, mapping malaria distribution will allow

stratification to inform decision making and allow for interventions

to be targeted or prioritized [29,30]. When allied with modeling,

such maps can indicate which combinations of interventions may

be most appropriate and how much these will cost [22,31].

However, for optimal utility, maps will need to be sensitive to

different ecological scenarios and should provide enough detail of

the principal factors governing transmission. From a technical

point of view, more detailed maps are feasible, and linking

mapping databases with other technologies such as Google will

increase ease of access to mapping information.

For maps at regional or national levels, the spatial resolution of

the information required is greater than that required for global

scale risk mapping. Integration of mapping activities with the

outputs of surveillance systems and other data sources (for

example, intervention coverage and vector distribution) can

provide the level of detail required to support effective elimination

efforts. However, the incorporation of existing techniques for rapid

mapping and the development of methods for optimal information

dissemination to all levels of the malaria control programme

remain major research challenges, as does the need to update

protocols that do not currently incorporate our ability to image,

map, and display information remotely, technologies that have

been revolutionized since the Global Malaria Eradication

Program.

As we progress closer to the goal of elimination, finer scale

mapping will be required to identify residual foci [32]. Geograph-

ical reconnaissance remains part of control and elimination

attempts in many countries and relies on local knowledge to

make largely hand-drawn maps of potential foci and known vector

breeding sites. This approach needs to be modernized to include a

simple, user-friendly, and consistent methodology for micro-

mapping. High resolution satellite imagery can detect households

and water bodies at unprecedented spatial resolutions and thus

replace some of the logistic burden in reconnaissance required to

support elimination activities [33]. The use of maps to help find

rare events such as individual cases of malaria is also a very poorly

developed area that needs further research. Efficient signatures of

transmission hotspots or disease foci (environmental, entomolog-

ical, and human) are also not well known, so a final challenge will

be to integrate novel monitoring and evaluation metrics with the

existing mapping suite.

Communication Technologies
Technological advances in communications and reporting

systems (data collection, aggregation, and dissemination) offer

potential improvements for surveillance in the context of

elimination and eradication. Other prerequisites for good

communication and reporting include basic health systems, and

the capacity to analyze and use data to improve program

performance. Most importantly, it is only the relevant and useful

surveillance information that is required for prompt and timely

communication.

Examples of potential enhancements to improve timely

reporting include widespread implementation of cell phone

technology [34], which has been used with considerable success

in some areas such as Zanzibar and Madagascar to provide cluster

detection and response [35]. Systems such as real-time internet

Web-based reporting are also being explored. As noted above, the

development of methods to integrate surveillance reporting

technology with mapping tools is a priority. Critically, systems

developed for collection, reporting, analysis, and dissemination of

information must be structured so that they enhance decision-

making and programmatic direction at the local (district) level. In

addition, these systems must enhance the capacity of the program

to provide useful and timely information to policy makers so that

program status and progress towards elimination is clear and well

explained [36].

Resistance and High-Risk Populations
Tracking antimalarial drug resistance is an important activity in

the context of malaria control, but it becomes less important in

situations where there are relatively few cases who must all receive

curative treatment. Thus, as elimination is approached, all

outpatient therapy might be better administered as ‘‘directly

observed therapy’’ as with tuberculosis. Because of inconsistent

and inadequate access to health systems, difficult-to-access

populations may be at increased risk of harbouring individuals

with drug-resistant parasites. Strategies to improve access to these

populations were discussed earlier (see also [25]).

As elimination is approached, declining transmission and thus

fewer cases pose considerable challenges to monitoring for drug

resistance because recruitment of sufficient numbers of patients is

difficult and thus studies are prolonged and expensive. Simple

drug efficacy protocols worked into routine surveillance activities

at sentinel sites may be of some use; follow-up of all treated cases

may be another approach to ensure that individuals have cleared

parasites [37]. Molecular markers for resistance could be useful for

population-level screening, although new assays relevant to

current treatment drugs, particularly the artemisinins, need to be

developed. Simple field PCR-based tools would be of use, both for

resistance testing and to differentiate recrudescence from new

infections [11].

Although no vaccine is currently available, it is likely that

vaccines may be in use in the next decade. A challenge will be to

monitor vaccines for efficacy against antigenically diverse parasites

in the population, for their preventive effects against severe

disease, and for their effects in settings with changing transmission,

as well as for their effects on transmission itself (see also [38]).

Newer molecular biology approaches may be useful in which

human genes are used to predict immunological responses. Case

control methodology can also be used to evaluate vaccine

performance [39].

Tools for Transmission Measurement: Metrics
Accurate measurement of malaria transmission is essential for

monitoring and evaluation of malaria control programs that are

approaching interruption of transmission and elimination. Past

and present metrics for measuring malaria transmission in humans

in endemic regions were recently systematically reviewed [14] and

include: the proportion of individuals in a population with a

palpable spleen (spleen rate); the proportion of individuals in a
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population with a laboratory-confirmed parasite infection per unit

time (parasite rate [PR]); and the annual parasite incidence ([API],

the product of the annual blood examination rate and slide

positivity rate) [13,14]. The entomological inoculation rate ([EIR],

the number of infective bites per person per unit time) remains the

gold standard measure of transmission.

A valid metric, or a combination of metrics, for measuring the

interruption of transmission nationally or subnationally is critical

as elimination is approached; but the existing metrics all have

serious limitations when transmission is approaching zero,

including the EIR, which is difficult, expensive, and virtually

impossible to measure when there is very low transmission.

For example, API (or alternatively annual case incidence) is an

important metric of transmission that can be obtained from routine

surveillance reporting even when the PR falls below 5%. However,

to ascertain API accurately, all cases in the population must be

identified through comprehensive and complete surveillance of the

target population, ideally using both passive and active detection.

API ascertained through passive detection alone only records those

symptomatic individuals who are captured through the routine

surveillance system and would, therefore, provide a biased (too low)

estimate of transmission for the entire target population. Addition-

ally, its failure to detect individuals with asymptomatic infections in

the population would critically hinder the clearance of parasites

from human reservoirs when working towards elimination.

Similarly, to obtain an unbiased estimate of PR for a target

population where the combination of passive and active detection

is incomplete, probability sampling of the population is required

(see next section also), but this is problematic when transmission is

reduced to nonrandom residual foci of cases. Furthermore, using

PR ascertained from probability biomarker surveys for validation

of freedom from disease is challenging, with sample size and

resultant uncertainty dependent on the probability of committing

a type 1 and 2 error, the size of the population being sampled, and

the sensitivity and specificity of the diagnostic test [40]. Thus,

unless extremely large sample sizes are used, PR will provide

imprecise measures at near zero transmission. Research is needed,

therefore, to develop new metrics for transmission and to improve

or modify data systems for these kinds of measurements.

Tools for Transmission Measurement: Sampling and
Surveys

To assess progress in intervention scale-up, nationally repre-

sentative household surveys, such as the Malaria Indicator Survey

(MIS), Demographic and Health Survey (DHS), and the UNICEF

Multiple Indicator Cluster Survey (MICS), are recommended data

collection instruments, Such surveys can provide population-

based, relatively accurate, estimates of malaria intervention

coverage, and parasite infection prevalence in the population,

and should be useful in assessing sustained coverage of malaria

interventions on a periodic basis, typically every 3–5 years.

However, once scale-up has been achieved and infection

prevalence is approaching zero, or has been disrupted, such

national surveys, with sample sizes typically of at least 2,000

households, would not be feasible for routine monitoring of low

and/or focal malaria transmission. Alternative sampling methods

for ascertaining population-based measures of malaria transmis-

sion are therefore needed. Ideally, such novel sampling strategies

would approximate a ‘‘probability survey’’ (a survey having a

known, nonzero probability of selection of all individuals for which

it is desired to obtain estimates), while remaining logistically

feasible to implement on a routine basis.

Once transmission has been interrupted, population-based

collection of biological samples for detection of present infections,

or serology for detection of past exposure and infection, could

prove important for routine monitoring of populations, although

improved assays will be required. Such approaches might include

routine sampling of populations through antenatal clinics,

immunization programs, and schools. Assessment of the validity

of these new approaches for obtaining relatively unbiased

population estimates will be needed.

To maintain interrupted transmission or elimination, malaria

control programs need to be able to obtain representative and

precise estimates of parasite exposure and present infections among

mobile populations, especially those that frequently cross national

borders. Although respondent-driven sampling (a sampling ap-

proach in which existing study subjects recruit future subjects from

among their acquaintances) has been used for ascertaining point

estimates among hidden populations, this approach would likely be

inappropriate for monitoring malaria transmission among mobile

populations. One approach that should be tested for routine

Box 2. Summary of the Research and
Development Agenda for Monitoring,
Evaluation, and Surveillance

N Update the malaria monitoring and evaluation Frame-
work to include transmission reduction, and develop key
data elements for a surveillance system from a system-
atic review of previous elimination attempts

N Systematically review lessons learned from experiences
with surveillance as an intervention to determine how it
can be tailored to various programmatic settings

N Identify appropriate program time points for introduc-
tion of malaria infection detection in active or passive
modes

N Develop improved diagnostic tools for use in monitoring
and evaluation and surveillance, focusing on practical
field-ready tools for detection of asymptomatic infection

N Develop information systems to monitor malaria infec-
tions, facilitate timely local program decisions and
responses to reduce transmission

N Develop methods, indicators, and shareable databases
for parasite strain information to better track transmis-
sion

N Develop methods for accessing and tracking population
movements and quantifying their contribution and risk
of malaria transmission

N Explore how maps can be constructed to: show the
probability of a threshold of transmission being exceed-
ed; incorporate a wider range of metrics such as
serological and entomological data; assess cost-effec-
tiveness of national stratification initiatives based on
remotely sensed satellite data

N Perform a systematic review to assess and compare
metrics of malaria transmission at near zero transmission
levels; research the validity of novel metrics to measure
transmission at near zero levels, and to measure
transmission potential within areas where transmission
has been eliminated

N Assess the precision, bias, feasibility, and cost-effective-
ness of novel sampling methods for routine monitoring
of present and past infections in target populations,
including mobile populations

N Conduct research to develop biomarkers such as DNA-
based methods or serology as monitoring and evalua-
tion and surveillance tools
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monitoring of mobile populations is time location sampling (TLS), a

variation of traditional two-stage cluster sampling in which the

primary sampling units are time-location settings where mobile

and/or hidden populations are known to congregate. Assessment of

the accuracy of TLS estimates of parasite infection prevalence

among mobile populations is needed, as well as cost-effectiveness in

relation to other sampling methods.

Biomarkers for Transmission Measurement
Serologic methods are currently an area of renewed interest as a

potentially valuable tool for robust transmission measurement.

Serology has been used to measure malaria exposure in humans for

many years and was prominent in early elimination attempts

[41,42]. But, as these elimination attempts were scaled back, so was

the use of serological characterization. With little use over several

decades, these serologic assays lacked standardized, reproducible,

and objective methods [43]. Recent technological improvements

(for example, techniques that facilitate the production of antigens)

mean that serology has now become a much more robust tool for

transmission measurement [44]. However, there is a need to

standardize protocols and antigens; currently there are many

different methodologies with associated variation in results.

Fundamental issues relating to the generation and maintenance of

antibody responses in children and adults also need to be addressed.

Other research and development needs include the development

of serological assays that are sensitive and specific for different

Plasmodium species. Assays also need to be developed that show

cumulative exposure to the parasite, as well as recent changes in

transmission intensity by measuring both the prevalence and the

magnitude of the antibody response. Serological methods might also

be developed that distinguish between relapse and new infection

with P. vivax by measuring exposure to mosquito saliva through the

detection of antisaliva antibodies.

PCR or similar molecular amplification–based methods may

also prove useful for the measurement of transmission reduction/

interruption, especially if pooled sampling and high-throughput

automated techniques are used to handle large numbers of

samples [45]. There is limited experience to date with these

methods as tools to measure transmission; further research may

help to elucidate their potential.

For all biomarkers, the most desirable assays would not require

blood sampling so research into biomarkers in saliva or other

bodily fluids is needed. Finally, for all biomarkers, there is a need

to develop criteria that define an area as ‘‘malaria free.’’

Concluding Remarks

The new strategies proposed in this paper by the malERA

Consultative Group on Monitoring, Evaluation, and Surveillance

for eradication have major implications for implementation, and

research is needed to test best systems of delivery for acceptability,

feasibility, efficiency, and cost-effectiveness. Box 2 draws our

discussions together in the form of a research and development

agenda for monitoring, evaluation, and surveillance.
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Review

A Research Agenda for Malaria Eradication: Modeling
The malERA Consultative Group on Modeling"*

Abstract: Malaria modeling can inform policy and guide
research for malaria elimination and eradication from local
implementation to global policy. A research and devel-
opment agenda for malaria modeling is proposed, to
support operations and to enhance the broader eradica-
tion research agenda. Models are envisioned as an
integral part of research, planning, and evaluation, and
modelers should ideally be integrated into multidisciplin-
ary teams to update the models iteratively, communicate
their appropriate use, and serve the needs of other
research scientists, public health specialists, and govern-
ment officials. A competitive and collaborative framework
will result in policy recommendations from multiple,
independently derived models and model systems that
share harmonized databases. As planned, modeling
results will be produced in five priority areas: (1) strategic
planning to determine where and when resources should
be optimally allocated to achieve eradication; (2) man-
agement plans to minimize the evolution of drug and
pesticide resistance; (3) impact assessments of new and
needed tools to interrupt transmission; (4) technical
feasibility assessments to determine appropriate combi-
nations of tools, an associated set of target intervention
coverage levels, and the expected timelines for achieving
a set of goals in different socio-ecological settings and
different health systems; and (5) operational feasibility
assessments to weigh the economic costs, capital
investments, and human resource capacities required.

Introduction

A global malaria eradication effort will require massive changes

to a complex web of interconnected biological systems. The

optimal path to eradication is intrinsically unpredictable because

of the potential for parasites and vectors to evolve, the waxing and

waning of human immunity, and behavioural changes in human

and vector populations. The range of conditions that favour

malaria transmission are so varied and diverse that decisions and

plans cannot be based solely on the evidence that has been

acquired in randomized control trials conducted in only a few

settings. To succeed, eradication will require a strategic plan that is

constantly updated with the latest surveillance, monitoring, and

evaluation data. Moreover, planning processes involve some sort

of conceptual model, and this model will necessarily consider

many potential sources of uncertainty. Rational quantitative

mathematical models provide the best way to synthesize

information, quantify uncertainty, and extrapolate current knowl-

edge. Such models can provide critical quantitative insights that

are not otherwise possible.

The unique contributions that malaria modeling could

potentially make to research and policy for malaria eradication

led to the formation of a malERA Consultative Group on

modeling tasked with defining a research and development agenda

for modeling within a comprehensive malaria eradication research

agenda. Our discussion about the proper use of models focused on

balancing the need to provide robust policy recommendations

while maintaining the energy and creativity of competitive science.

The following document describes the history of malaria

modeling, discusses the framework we developed for reaching

consensus on the basis of independently derived models, provides

an agenda to improve the science of modeling with supporting

curated databases and digital interfaces, and identifies priority

tasks within the broader agenda.

Historical Background

Malaria transmission models originated with Ronald Ross

during a trip to organize malaria control in Mauritius (1907–1908)

[1], but the models of George Macdonald [2] were applied more

systematically during the Global Malaria Eradication Program

(GMEP) from 1955 to 1969 [3]. Macdonald emphasized the

importance of measuring quantities that were relevant for

eradication planning, such as the stability index (the expected

number of human bites by a mosquito over its lifetime) and the

basic reproduction ratio, R0 (the expected number of human cases

that would arise from each human case in a population with no

previous exposure to malaria and no malaria control) [4].

Mathematical analysis helped to explain why indoor residual

spraying with DDT was such a potent malaria control strategy [5].

Later, mathematical modeling played a key role in the design and

analysis of the Garki project in Nigeria [6], as well as the

introduction of new indices to measure transmission, including

vectorial capacity and the human blood index [7,8].

Despite its important contributions, the overall role of

mathematical modeling in the GMEP was limited. Modeling

informed the design of the ‘‘attack phase’’ of malaria eradication

[3], but not the design or implementation of other phases, and
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there were no provisions made to evaluate or update the design of

the GMEP despite its obvious limitations. For example, the Pare-

Taveta Malaria Scheme [9], which was implemented over 3.5

years in villages on the Tanzania-Kenya border, reduced malaria

prevalence to less than 5%. Without sustained investments,

however, malaria endemicity rebounded within 10 years of the

program ending. The lessons of this and other schemes were that

malaria control would require longer interventions and at a much

larger scale in the African context; the implications for the broader

program were never considered.

The GMEP also never considered what would happen if the

initial attack phase failed. Moreover, application of the modeling

was mainly limited to the Global Malaria Program in Geneva,

which was not considered to be an intrinsic part of the research

agenda for the GMEP. The failure to integrate and the neglect of

research were partly due an emphasis on streamlining GMEP’s

operations and contributed to a ‘‘one-size-fits-all’’ mentality, with

programmatic criteria based on early successes in Europe.

Despite having identified DDT resistance in Anopheles sacharovi

in 1951 [10], the only GMEP plans for dealing with resistance

were to have a highly focused and time-limited program. By

1964, the GMEP had reached only approximately 3.3% of the

malarious area in Africa, and the efforts were mainly concen-

trated at the margins of the continent [11]. After a WHO

meeting in Brazzaville in 1972, formal plans for dealing with

malaria in many African settings were devised [12] in which

malaria elimination was not considered to be feasible, and

‘‘control’’ was presented as an alternative and defined as

reduction of malaria to a point where it was no longer a major

public health threat. A final failure of the GMEP was in not

providing guidelines for establishing quantitative and operation-

ally meaningful definitions and milestones for measuring progress

towards control in a range of contexts.

The failure of the GMEP was due to many factors, including the

collapse of funding [13]. However, better research with built-in

monitoring, surveillance, and evaluation would have contributed

to the long-term prospects for the success of the GMEP, and

within that research-oriented framework, mathematical modeling

could have played a pivotal role. Insufficient use of modeling was

not the reason why the GMEP failed, but it could have played a

stronger role in helping to anticipate, analyze, and adjust to some

of the other problems that developed, such as the evolution of

insecticide resistance.

Since the GMEP, substantial advances have been made in the

theory and simulation modeling of malaria transmission (see Text

S1), but the main research challenge for malaria eradication will

be to integrate these models with surveillance, monitoring,

evaluation, and with the revision of national and regional plans

through every phase of eradication.

A Consultative Framework for Malaria Modeling

After reviewing the role of malaria modeling in past control and

eradication programs, the Consultative Group on modeling

discussed the best way of organizing modelers and modeling. A

consensus emerged that a unified approach aimed at developing

an all-encompassing model for malaria elimination or eradication

would probably repeat the mistakes of the past, and would

therefore be inadequate. Instead, we agreed that accomplishing

the modeling research agenda for eradication, avoiding errors, and

providing robust advice for the future would require a framework

that facilitates competitive and collaborative interactions and

active communication between modelers and other scientists,

research activities, surveillance, monitoring and evaluation, and

that is based on a shared set of data resources.

We therefore established and endorsed a framework, motivated

by climate modeling under the Intergovernmental Panel on Climate

Change, which is both collaborative and competitive (Figure 1). In

this framework, the core modeling functions would be conducted by

independent teams, working in isolation and then coming together

to compare and harmonize their results. The teams would compete

with one another to provide answers to questions, and yet they

would be cooperatively engaged in the common goal of finding the

best solution to a defined set of problems. An added advantage of

this approach, which builds on and formalizes the successful way in

which scientific research ordinarily takes place, is a rapid critique

from other competent modeling teams that limits the excesses of

particular models or modelers and emphasizes the limitations of

each approach and of models overall.

Two important features of this framework are the interface

between modelers and the users, and the development of curated

databases that are shared among all modelers. The Consultative

Group felt that direct contact between modelers and users was the

best way for modelers to be aware of the needs of their users, to be

aware of new developments and data, and for modelers to

communicate the limitations of their models. However, some

information could be usefully shared through digital interfaces.

The Consultative Group also recognized that the needs of the

users would evolve over time, and that the models must be

iteratively updated (the dashed arrows in Figure 1). It also

regarded databases and digital interfaces as essential to the

development of modeling and prioritized them as part of the

research and development agenda for modeling.

Importantly, because this type of framework has not been part

of the culture of malaria modeling, one of the first tasks of the

modeling research and development agenda will be to operatio-

nalize the framework in Figure 1, and formally establish a process

for consultations on relevant policy matters.

The Potential Role of Modeling: Strategic
Planning and Technical Feasibility Assessment

Malaria modeling should be used to inform strategic planning and

malaria elimination assessments at a range of scales from global policy

to local-level planning, and in guiding malaria control whether or not

such activities are considered the first step towards malaria

elimination. Strategic planning involves the assessment of where

Summary Points

N Mathematical modeling can guide all stages of malaria
elimination and eradication by synthesizing information,
quantifying uncertainty, and extrapolating current
knowledge

N Modelers and users/stakeholders need to work closely
with each other to ensure that models meet user needs
and end users understand the current limitations of
malaria transmission models

N A framework for modeling is being established that is
both collaborative and competitive

N Models must be closely tied to all the available data, and
databases and model outputs should be harmonized

N A single approach aiming at one, comprehensive model
for malaria elimination/eradication has limited value;
instead a variety of models and analytical approaches
should be employed to guide effectively elimination
efforts.
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and when resources should be allocated to achieve elimination/

eradication. Technical feasibility assessments define an appropriate

combination of tools, an associated set of target intervention coverage

levels, and the expected timelines for achieving reduction in burden,

transmission interruption, and finally malaria elimination. Models

can provide a rational and quantitative framework for integrating a

range of implementation strategies, including optimizing the mix of

interventions in a socio-ecological setting with different health systems

to achieve a set of goals leading to malaria elimination. These results

must be linked to operational assessments to describe the economic

costs, capital investments, and human resource capacities required

with explicit consideration of the long-term financing of malaria

control and elimination.

To be of greatest benefit, models developed for malaria

elimination support must specifically address changes in parasite,

human, and animal hosts, and vector populations across a range of

endemicities and health system conditions and capacities through

the different phases of a malaria elimination program. These phases

can be broadly categorized as: the initial planning phase (phase I);

the introduction of interventions to interrupt transmission leading to

zero incidence (phase II, which corresponds to the Global Malaria

Action Plan [GMAP] ‘‘pre-elimination through elimination’’

phase); and ‘‘holding the line’’ (phase III or the GMAP ‘‘prevention

of re-introduction’’ phase). Each phase has different goals and

operational requirements, and will require different types of models.

For each phase, models can be used to optimize the sequence and

combinations of interventions, and for monitoring evaluation and

surveillance. Although economic models and behaviour and

malaria transmission models have been developed in isolation,

there is a great need for models that consider transmission within

economic models, and vice versa, for all phases of elimination.

Models can also be used to define and test phase-specific target

product profiles (TPPs) of new tools. TPPs describe the ideal,

desirable, or minimally sufficient properties of a new tool in

formalized documents that facilitate discussion between funding

agencies, product developers, and regulatory agencies. TPPs will

remain relevant throughout the path towards global eradication as

endemicity and health system requirements change, and as

countries adapt to their own unique challenges.

We anticipate that strategic planning will also need to account for

variation in the mix of parasite species across the geographical range

of malaria. At present, models are mainly focused on single-species

Plasmodium falciparum infections and require further development for

Plasmodium vivax, other parasite species, and mixtures of species.

Phase I: Planning
Planning involves a technical assessment to determine whether

elimination is feasible, based on the baseline distribution of

malaria and current tools, and on what level of intervention

coverage is required to reduce transmission intensity sufficiently to

achieve elimination. A key variable here is the basic reproduction

ratio R0. At a country level, it may not be possible to provide direct

estimates of R0. However, several measures related to transmission

intensity, including parasite prevalence, age-stratified seropreva-

lence, and entomological inoculation rate may be available.

Mathematical models are required to translate these measures into

Figure 1. A comprehensive framework for malaria modeling. Consultations will allow policy makers, research scientists, and other stakeholders
(U, users/stakeholders) from different country-specific health systems (HSM, country-specific health system models) to draw advice and analysis from
multiple, independently derived models (M) grounded on data collected (D, data bases) from research on vector ecology, malaria epidemiology, and
control through an interface that emphasizes direct engagement between modelers or modeling groups and end users. Image credit: Fusión Creativa.
doi:10.1371/journal.pmed.1000403.g001
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a single comparable quantity. A likely output of such an exercise

would be a map of R0 at an appropriate spatial resolution.

The technical requirements for elimination are also directly

related to the operational and financial requirements for

elimination, so these must be linked in models to assessments of

health systems, economic costs and benefits of elimination, the

risks of failure, and the likely funding.

The second aspect of an initial feasibility assessment is to define

vulnerability, namely the risk that cases may be imported from

surrounding malaria-endemic countries. Direct measurement of

vulnerability is complicated in areas in which endemic transmission

is ongoing and will only be achievable when imported cases become

a substantial fraction of all cases. Preliminary assessments thus need

to be estimated indirectly by taking into account patterns of

endemicity in neighbouring countries and the level of cross-border

movements. Spatially stratified mathematical models can aid these

assessments, which are not considered in current strategic models.

Each country’s economic incentives to eliminate malaria may be

strongly influenced by the decisions of their neighbours. The

elimination of malaria from an entire region reduces the chances of

re-introducing malaria and is likely to create a regional public good,

which would make a strong economic case for coordinating

elimination campaigns among countries.

Modeling also has a key role to play in selecting appropriate

combinations of interventions to interrupt transmission and in

setting response timelines and expectations of impact. Models can

help to elucidate whether different interventions are likely to be

synergistic, and when they can be deployed to best effect.

Although insecticide-treated nets, indoor residual spraying, and

artemisinin combination therapies have been used successfully in

well-designed randomized control trials, these trials have been

conducted in a limited number of settings and the results of

applying the same control measures at the same intensity in

different places may vary depending on such factors as the

intensity and seasonality of transmission, the characteristics of the

parasites, and the immunological status of human populations.

There is no evidential basis for extending the results from existing

randomized control trials to the whole range of conditions that

exist in the real world and it is impossible to conduct randomized

control trials that cover all the factorial combinations of those

conditions. Using mathematical models, such experiments can be

simulated with minimal expense on a computer to obtain

immediate answers. Mathematical models are thus an indispens-

able tool for thinking carefully and quantitatively about the

dynamics of malaria control and elimination. Although computer-

based simulation studies are not a substitute for reality, they do

provide a highly refined and structured way of synthesizing

information and testing ideas. In particular, they provide a useful

tool for testing how differences in transmission can lead to different

results when the same interventions are applied in two different

populations.

Finally, drug and pesticide resistance were blamed for slow

progress during the GMEP and may have contributed to its failure

[11]. Malaria elimination and global eradication must therefore

anticipate that resistance will evolve and must incorporate this

inevitability into the plans. The functional significance of drug and

pesticide resistance on transmission has therefore been identified

as an important research topic for modeling to facilitate effective

strategic planning.

Phase II: Pre-elimination through Elimination
The context for transmission and the operational challenges

inevitably change as transmission is reduced to low levels. Previous

experience unambiguously demonstrates that low-level transmis-

sion presents protracted challenges that contribute to a loss of

commitment of countries and donors. In particular, the biology of

P. vivax poses unique challenges for malaria elimination during this

phase because of the dormant liver stages. Experience during the

previous malaria eradication campaign suggests that P. falciparum

will be eradicated long before P. vivax. The patterns of species

composition are therefore critical concerns for elimination, and

changes in the patterns can be used as a measure of progress

towards elimination of P. falciparum.

As exposure to malaria declines, malaria immunity begins to

wane, so each new case is more likely to result in clinical disease.

During these later phases, different strategies may be deployed to

shorten the response timelines, such as mass drug administration,

passive or active case detection, localized outbreak control, public

relations campaigns, prophylaxis for citizens traveling in malaria-

endemic areas, and possibly border controls. These strategies can

be supplemented by well-timed vector control. The optimal and

timely use of interventions may shorten the time until elimination

by decades.

Modeling can serve several roles in this phase. The first is to

help set expectations about the inevitable long response timelines,

since these will place increasing challenges on public health

officials to justify the expense. Setting unrealistic timelines can

undermine support for an elimination campaign and contribute to

failure.

As malaria becomes rare, the role of monitoring, evaluation,

and surveillance becomes critical [14]. Thus, a second role for

modeling is to help organize information about imported malaria,

to characterize transmission foci, and to design interventions.

Models can be used to simulate low-level transmission and control

and thus to help design and establish efficient sampling schemes

appropriate for the low and declining level of endemicity.

During this phase, new programmatic skills and capabilities

need to be developed that will prevent re-introduction or ‘‘hold the

line’’ in perpetuity. Modeling can help to establish the minimal

essential intervention coverage levels needed in this new

transmission setting, and models can help to fine tune the

programs to minimize both costs and the risk that malaria will re-

establish. Another important need at this stage will be to define

specific timelines and optimal strategies for P. vivax elimination.

As transmission becomes less intense, it also becomes more

sporadic and often highly focal. In many countries, a constant flow

of imported malaria can generate small clusters of ongoing

transmission without the re-establishment of endemic transmis-

sion. Consequently, this is likely to be a long phase for countries or

geographical areas close to malaria-endemic areas. Moreover, the

accomplishments of countries or geographical areas that have

eliminated their endemic reservoir and limited onward transmis-

sion but continue to have sporadic outbreaks may not be

recognized. Mathematical modeling can help to describe and

interpret the patterns of endemic, low-level onward transmission

or imported malaria, and provide important feedback to

monitoring and evaluation programs.

Phase III: Prevention of Reintroduction
Mathematical modeling has two essential purposes once local

elimination has been achieved. First, it can be used to assess the

sustainability of elimination in the local area or country. Second, it

provides a formal set of analytical tools to address the unique

challenges of keeping malaria out of countries that have

successfully eliminated the parasites.

After elimination, the basic approaches to holding the line are

broadly similar to the strategies towards the end of the program for
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‘‘getting to zero.’’ However, countries will face increasing pressure

to shift resources away from malaria control to other, more

pressing issues. Surveillance during this phase will remain critical,

especially to identify where and when malaria is imported. In these

circumstances, model development will play an important role in

improving the criteria for and the process of certifying malaria

elimination, and in determining when malaria elimination can be

scaled back without risking re-emergence of the parasite.

The sustainability of malaria elimination is related to several

factors. The evolution of drug and insecticide resistance, vaccine-

escape variants, human and vector behavioural changes, and other

kinds of ‘‘resistance’’ can threaten to undermine malaria

elimination programs at every phase. Similarly, volatility in

outside donor funding can threaten the viability of elimination

efforts and country-level motivation. Modeling provides a realistic

framework for setting donor expectations, as well as a way to

anticipate the problems that might arise. Models can also be used

to illustrate the consequences of stopping too early or failing to

finish the job. Endgame planning is an integral part of strategic

planning for regional elimination.

Research and Development Requirements for
Model Improvement

To best support the specific goals of malaria elimination, a

research and development agenda is required to improve

modeling. Several topics are currently in need of additional model

development and the acquisition of key pieces of evidence. Some

of these topics have only recently been identified by research,

others have not been addressed because they are considered to be

of limited interest.

Biology and Natural History
As the complex life cycle of malaria parasites becomes better

understood, new and improved models are needed to make use of

this information in elimination programs. First, better models of

the development of parasite species in their human and vector

hosts need to be devised and the features of the parasite life cycle

need to be quantified better. In particular, there is a need for

better data and models to quantify the importance of relapse in P.

vivax and the importance of other unique aspects of non-

falciparum parasites, and to quantify the nature of interactions

among all species [15].

Models are also needed to capture the human infectious

reservoir across a range of transmission intensities. Ill-understood

factors contribute to variability in the transition rates of parasites

from the asexual stage onwards and through each subsequent

stage of the transmission cycle in people and mosquitoes. Even if

for operational purposes, individuals with measurable parasites are

considered to be infected and therefore not distinguished from

gametocyte carriers, it remains important to capture the relative

infectiousness of different population groups in models.

The abiotic determinants of mosquito densities and the

dynamics of larval stages are poorly understood. Thus, there is a

need for models that consider the effects of, for instance,

seasonality and dry season refuges. Such models can provide

information about the potential of larval control and optimal larval

control strategies. The effects of infection and environment on

adult mosquito behaviour, infectivity, and survival also need to be

considered in modeling efforts [16].

The existence of natural immunity to malaria that partially

protects against disease or reduces transmission is a particularly

challenging problem for epidemiological models. The stimulation,

duration, and effects of acquired immunity need to be better

understood, and this understanding must be incorporated into

models to determine, for example, how many years of zero

transmission must pass before symptomatic disease can be used as

a marker of re-introduction [14,15].

Another aspect of parasite natural history that is not

comprehensively addressed in current malaria models is hetero-

geneity in hosts, parasites, and vectors. Substantive problems in

measuring levels of heterogeneity need to be addressed and these

effects need to be appropriately incorporated in models.

Heterogeneity is likely to have a greater impact on model results

as transmission is reduced.

Finally, as transmission is reduced, the effects of geographical

movement of the parasite that occur because of both vector and

human movements will dominate the dynamics. The relative role

of movement versus dry-season refuge in maintaining the

infectious reservoir in epidemic settings remains poorly understood

but will be a major determinant of the required control strategy to

achieve elimination and hold the line. Human movement in

particular is difficult to quantify on the basis of current data.

Spatially explicit models will need to be developed that can

adequately capture parasite movement and the linking of spatially

distinct populations [15].

Effects of Interventions
Models of the dynamics of drugs (pharmacokinetics and

pharmacodynamics [PK/PD], dosing regimens) and of vaccines

that interrupt transmission at various stages need to be developed.

In addition, there is a need to develop models that describe the

ecology of genetically modified mosquitoes and the potential

impact of such insects on malaria transmission [2,16].

The scope of models needs to be expanded to consider the

overall effects on and of health systems and to account for the

capabilities of preexisting health system infrastructures. Modeling

needs to include the effects of combinations of interventions/tools

and the effects of scheduling of interventions. It also needs to

support the optimization of TPPs and their alignment with the

existing packages of interventions. All these components need to

be supported by microeconomic appraisal [17].

Effects of Interventions on the Evolution of Resistance
Resistance to interventions is broadly defined to include any

heritable changes that reduce the effectiveness of drugs, pesticides,

vaccines, and other interventions. TPPs need to be considered

prospectively with model-based analyses of the likely evolution of

resistance. Modeling approaches need to be developed that

integrate population genetics and direct intervention effects, such

as PK/PD data for drug resistance, behavioural and physiological

changes in response to vector control, and molecular epidemiology

for vaccine escape variants. A critical feature for models is better

characterization of the biological cost of resistance. As new tools

are developed, it will be important to plan deployment strategies

with an awareness of the effects they will have on the evolution of

resistance [16,18,19].

Prerequisites for Achieving Modeling Objectives

To achieve these modeling objectives and to answer specific

research and operational questions, there is a need to create,

curate, and harmonize databases. An interface and a supporting

infrastructure (see Figure 1) must also be created to facilitate

combining databases and diverse datasets, including those that will

be generated by mathematical modeling. Importantly, as much

information as possible should be openly accessible from a single

place to facilitate modeling and the dissemination of model outputs

PLoS Medicine | www.plosmedicine.org 5 January 2011 | Volume 8 | Issue 1 | e100040374



to the broader community of users, stakeholders, and contributors.

Below we discuss the perquisites for achieving modeling objectives.

Compilation and Curation of Databases and
Harmonization of Model Outputs

The purpose of the databases will be to collect information for

various users in one place. For modelers, this information is

required to parameterize and validate malaria models, and to

extend them geographically and temporally. The malaria

community requires more general information for monitoring

and evaluating progress towards control/elimination/eradication.

A Web site that links to relevant information already on the Web,

that hosts databases and appropriate interfaces to databases that are

not hosted elsewhere, and that provides technologies that allow

other software applications to access the hosted information will

facilitate Web-based information exchange. Such a Web site would

also include automatically generated information summaries and

post synthetic data, data summaries, and summary statistics.

Data to be included on such a Web site should comprise, among

other things, disaggregated data on the natural history of different

human malaria species, disaggregated malariological field data from

published and unpublished field research studies, data aggregations

from searches of published and unpublished literature, and data

from model outputs. The results of basic laboratory research, data

on nonhuman malarias, and genomic data should be excluded from

the early stages of the structure, however, except through hyperlinks

to major data repositories. There should be links to relevant

nonmalaria databases (e.g., UN demographic data, Demographic

and Health Surveys, climate, population, and remotely sensed

environmental data), but the platform should not host these

databases unless this is essential for the analysis of hosted core

data. Table 1 in Text S2 represents an initial list of the databases

that might be hosted or otherwise harmonized. The challenges and

requirements for achieving this are outlined below.

Primary Databases and Key Models
The potential database resources in Text S2 are necessarily

incomplete, but should be gradually extended and more effectively

interlinked. Different modeling approaches have common data

needs, many of which will be satisfied by the datasets listed in Text

S2. Spatially specific data will be required by some types of models

so many of these data need to be geolocated. An important subset

of data is the results of malariological field studies, especially field

trials of interventions; the results of observational studies (e.g., of

drug action) are also important. Parasitological data that are

specifically required include infectious durations and data from

field studies that can be used to estimate clearance rates. Specific

entomological data requirements include data on vector survival,

behaviour, and biting rates (including heterogeneity in biting

rates). There will be a need to include global databases of weather

and climate data, in particular temperature, rainfall, humidity, and

soil moisture. New databases will need to be developed to support

tracking of larval habitats and prediction of vector emergence

rates. Modeling will also need to be supported by access to human

demographic databases, including those of population distribution,

age structure, and migration rates. This information will require

access to data on transport networks (e.g., roads) and communi-

cations networks such as cell phones.

The compendium of resources detailed in Text S2 contains

information sources, at various levels of complexity and in various

states of assembly, that are of variable use to the modeling teams.

Text S1 describes the history of modeling and the range of models

currently available and under development.

Minimal Reporting Standards
Databases without descriptors are a static resource. A

traditional, if not widely used, way to audit data resources is to

describe them in a peer-reviewed article and append the

information as supplementary material. A new publication route

for data, such as an entirely new journal or a new article style in

existing journals, is perhaps required, with the intention of

encouraging the release of preexisting unpublished data while

solving the problem of suitable accreditation for data sources.

Data and Model Curation and Sustainability
The curation and improvement of large databases requires

significant personnel capacity for correction and assembly of new

information. Furthermore, this capacity needs to be sustained in the

long term for its value to remain and agreement has to be reached

on what constitutes acceptable information quality, how to define it,

and how to moderate correction. All stakeholders, not just

researchers, must be made aware of the limitations of models and

the data on which they rely. Data and model curation needs to be

inclusive while flagging and addressing known problems and using

disclaimers to avoid excessive reliance on questionable information.

Common Ontologies, Frameworks, and Metadata
Standards

An evolving way to audit database resources is to provide

machine-readable metadata so that third parties can employ Web

services to seamlessly harvest and/or integrate database informa-

tion in downstream applications. This harmonization process

requires that all databases be accessible to the extent that they can

be shared at the human and machine level with any third party

with as little administrative, technical, and logistical support as

possible. This prerequisite is rooted in the concept of the semantic

web, which provides the methods and technologies that allow

machines to understand, share, and reuse data in real time across

application, enterprise, and community boundaries. There will be

many benefits in investing in a semantic web, not least the

availability of resources that can be updated, minimizing human

errors in translation for third-party applications.

To formalize minimum standards in databases, an ontology is often

specified. An ontology is defined as relationships among a set of terms

in an agreed nomenclature that describe a database resource. There

are many examples of ontologies, all tailored to specific applications.

To develop an ontology for our specific purposes (if it were considered

valuable), the most relevant existing ones could be reviewed, a hybrid

ontology of useful descriptors constructed, and an expert group

established to fill the gaps. Ontologies are critical for translating

minimum reporting requirements into machine-readable metadata.

However, paradoxically, several metadata ‘‘standards’’ are under

development. Advice should be solicited from the information

technology community on which to adopt. Finally, candidate models

may require some minor modifications to their outputs for

harmonization with other similar models. This task could be done

by the original authors of the model or they could provide the

necessary information and a mandate for the modification to be

performed by the curators.

Incentives for Data Sharing
Proper incentives are required to guarantee that the data-sharing

tasks will be accomplished. Data provision and model integration

are challenging tasks that do not achieve immediate recognition but

facilitate exciting science and improve public health impact at some

future point. To implement semantic enrichments to databases and

make models more widely accessible will take time, thought, and
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energy. Individuals and groups should be incentivized to do this on

new and also, importantly, valuable old datasets. This process will

require mechanisms for attribution, quality, and provenance

control, and long-term curation and hosting obligations. There is

a need to decide how resources will be partitioned between existing

databases and downstream resources/portals.

Open-access data sharing is a collective benefit that outweighs

individual concerns, even though most of the communities

gathering relevant data do not yet operate a culture of open

access. Accordingly, access to data needs to be negotiated

carefully, with the general philosophy being to minimize

restrictions and to gradually negotiate wider access for sensitive

datasets as questions of ownership and attribution are resolved.

Accessing Software-Engineering Skills
At present the level of interaction between end users of model

results and those developing and implementing the models is

relatively limited. The creation of interfaces that allow user access

depends on computer scientists and programmers and they must

work closely with domain experts to ensure that interfaces meet

the needs of all stakeholders. Most institutes carrying out malaria

research have only limited capacity to develop Web database

applications. Professional software teams with close links to

malariologists are needed to set up and maintain such a system.

Interface for Users and Stakeholders
There are a wide range of potential end users of mathematical

models and their outputs, including other researchers, funding

bodies, program implementers, planners, and policymakers. All of

these end users have different needs in regards to the models, and

there are many ways in which they could potentially interact with

them. The most common and effective interface is the modeler,

who will ideally be embedded in a research or policy-making

network with the research scientists, medical doctors, public health

officials, or policy makers who will be using the models. Such an

interface would facilitate active and direct communication about

models and outputs, alert modelers to the availability of new data,

and keep modelers current with a changing situation, which would

lead to iterative updating of models. Direct contact with modelers

can be supplemented in specific cases so that a researcher or

policymaker is able to interact directly with a computer to obtain

information ranging from specific queries about a predefined set of

scenarios to more sophisticated outputs using decision-support

systems. Regardless of the level of contact, it is important that

stakeholders are engaged throughout the model development

process so that model outputs and interfaces match user needs,

and end users understand the current limitations of transmission

models, in particular in terms of making quantitative predictions.

There is currently no readily available interface or ‘‘cyberin-

frastructure’’ that brings together data, models, and stakeholders

seamlessly at the required scale and scope, although prototype

systems are being tested. The description below outlines what is

feasible in the short term, assuming sufficient research and

development support. Text S3 provides a more detailed design.

Given a (possibly distributed) annotated database, a set of

software models with well-defined application programmer

Box 1. Research and Development Agenda for Modeling

Modeling approaches to guide elimination and
eradication

N To provide practical tools to help planners and policy-
makers assess the technical, operational, and financial
feasibility of malaria elimination.

N To assist in optimizing combined interventions for
elimination in different transmission and health systems
contexts.

N To assess and optimize TPPs for interventions and for
monitoring and evaluation, and to determine the potential
contribution of the products to the different phases of
malaria elimination.

N To ensure flexible management in choosing and designing
interventions, and for designing surveillance in collabora-
tion with monitoring and evaluation programs to identify
cost-effective strategies to shorten elimination timelines.

Further development of models and model systems

N Further basic modeling research is required on the within-
host dynamics of Plasmodium infections, the human
infectious reservoir, bionomics and ecology of the vectors,
dynamics of the stimulation and decay of human
immunity, heterogeneities in hosts, vector, and parasite
dynamics, and host and vector movements, to enable the
models to better answer strategic questions for malaria
elimination.

N Further development is required of models of drug
dynamics, vaccines that interrupt malaria transmission,
and the ecology of genetically modified mosquitoes.
Health system attributes need to be integrated into

current models for packages of interventions and linked
to microeconomic outputs.

N Models need to be further developed to consider the likely
development and impact of drug and pesticide resistance
at the various stages of elimination across different
transmission settings.

Enabling technologies

N Harmonization of databases and model outputs, which
entails:

# Identifying key data needs and deciding whether existing
information is of sufficient quality to inform the modeling.

# Identifying technologies that support machine-level ex-
change of malariometric data.

# Recognizing the importance of creating and maintaining
thoroughly annotated databases and models, along with
software tools and well-documented user interfaces with
close collaboration between software engineers and
malariologists to support model and data curation and
access.

N Development of cyberinfrastructures to generate and
execute efficient workflows for answering strategic ques-
tions. Cyberinfrastructures would identify and retrieve data
from distributed databases; identify and execute appro-
priate models, compose data, and model results across
multiple spatiotemporal scales and domains; and manage
information about provenance, citations, and assumptions.
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interfaces (APIs), and a semantic web or ontology, it may be

possible to develop a cyberinfrastructure that automates much of

the deductive reasoning required to answer common stakeholder-

specified questions. Models can be fitted into well-established

paradigms for data search and integration. The cyberinfrastruc-

ture would translate these questions into appropriate analyses on

the model output. Missing data inputs could be replaced by data

from other similar settings as extracted from the underlying

databases with the appropriate caveats made clear to the end user.

A question may trigger a cascade of data retrieval and model

execution, all managed by the cyberinfrastructure. If the available

data and models are insufficient to answer the question, the gaps

would be noted to assist in research program development. Output

of analyses performed by the structure would include a

comprehensive list of citations of the source materials. A list of

caveats to data inputs or model outputs (provided by the

stakeholders) on the scope of appropriate use would also be

included. The cyberinfrastructure therefore provides those con-

tributing data and developing models with an incentive to include

their information in the system with the assurance that results will

not be misinterpreted.

Conclusions

On the basis of our discussions, we propose a research and

development agenda for modeling that will effectively support

operations and important research questions in attempts to

achieve elimination and eradication of malaria and that lists the

prerequisites and research questions for the development of

modeling based on a comprehensive framework (Box 1). A single

approach aiming at one, comprehensive model for malaria

elimination/eradication has limited value. Rather, we will profit

at the operational level as well as at the scientific level from

answering the research questions and issues as outlined in this

paper using a variety of models and analytical techniques,

supported by direct interactions with modelers and common user

interfaces, and linked to curated essential databases.
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Review

A Research Agenda for Malaria Eradication: Cross-
Cutting Issues for Eradication
The malERA Consultative Group on Integration Strategies"*

Abstract: Discipline-specific Malaria Eradication Research
Agenda (malERA) Consultative Groups have recognized
several cross-cutting issues that must be addressed to
prevent repetition of some of the mistakes of past malaria
elimination campaigns in future programs. Integrated
research is required to develop a decision-making
framework for the switch from malaria control to
elimination. Similarly, a strong economic case is needed
for the very long-term financial support that is essential
for elimination. Another cross-cutting priority is the
development of improved measures of intensity of
transmission, especially at low and nonrandom levels.
Because sustained malaria elimination is dependent on a
functioning health system, a further key cross-cutting
research question is to determine how inputs for malaria
can strengthen health systems, information systems, and
overall health outcomes. Implementation of elimination
programs must also be accompanied by capacity building
and training to allow the assessment of the impact of new
combinations of interventions, new roles for different
individuals, and the operational research that is needed to
facilitate program expansion. Finally, because community
engagement, knowledge management, communication,
political, and multisectoral support are critical but poorly
understood success factors for malaria elimination,
integrated research into these issues is vital.

Introduction

During their deliberations, scientists in the various Consultative

Groups contributing to the Malaria Eradication Research Agenda

(malERA) concentrated on research questions relevant to their

thematic areas. But, in addition, they also briefly noted many issues

of relevance beyond their own domains. Some of these issues are

likely to be critically important in malaria elimination/eradication

programs. Consequently, they received special attention from the

malERA Consultative Group on Integration Strategies. In this

paper, we focus on the research and development needs of these

important cross-cutting issues, especially in the context of historical

reports of reasons for the failure of past campaigns. Consideration of

these cross-cutting issues, we argue, is essential for regional

elimination and, ultimately, global eradication of malaria, but is

also relevant for scaled-up and improved control of disease.

The Historical Context

The Consultative Group identified many cross-cutting topics of

special significance by examining reports of the failures and

successes of earlier approaches to regional elimination of malaria.

History reveals that political, social and human factors are likely to

be just as important as, if not more important than, biological and

technological factors, and that a multidisciplinary approach to

elimination/eradication is essential. Accordingly, special attention

was given during the malERA consultations to finding synergies

and strategies to prevent the ‘‘silo effects’’ that can occur when

specialist groups work in isolation. It is important to identify

critical partnerships between malaria elimination/eradication

programs and programs in health or education, such as integrated

management of childhood illness. Similarly, it is important to

recognise the need to address social determinants of health for

successful malaria eradication campaigns. Finally, ongoing critical

analysis of the success or failure of current elimination efforts

constitutes a research agenda in its own right, as exemplified in

numerous campaigns against other diseases [1,2].

The Global Malaria Action Plan and Research for
Eradication

The Global Malaria Action Plan (GMAP) [3] is focused

predominantly on control, but nevertheless includes eradication

as an ultimate goal. The malERA process, with its paradigm shift

from control to elimination, has produced significant additions to

GMAP by defining a research agenda that will assist in

interruption of transmission. The malERA process emphasises

the importance of clearly defining the essential research and

development needed to achieve specific goals. That is, it focuses on

the minimal essentials—what we ‘‘need to know’’—rather than

what would be maximally possible to know or even ‘‘nice to

know.’’

Research for Readiness to Attempt Regional or
National Elimination

The GMAP has identified the need to continue and scale up

control of malaria in highly endemic areas for maximal reduction of
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morbidity and mortality, and recognises this as a priority for the

foreseeable future [3]. As the malaria map shrinks and malaria

incidence falls, some countries may consider attacking remaining

foci with an elimination agenda. Many pre-elimination consider-

ations are related directly to the competence and readiness of the

health system, and are discussed in the malERA paper on health

systems and operational research [4]. Decision-makers must also

balance the consequences of diverting resources from urgent clinical

needs to a problem that by definition is causing little morbidity.

Importantly, decision makers at national and regional levels

may need to be reminded that successful elimination for a few

years will inevitably lead to loss of the naturally acquired immunity

that is a good defence against malaria. Attempts to eliminate

malaria that are not sustained can therefore provide the grounds

for serious epidemics in people of all ages, with rapid loss of the

gains accrued during an elimination program if the program fails

or is stopped prematurely [2,5].

The Malaria Elimination Group has recently highlighted the

immediate needs of governments that are currently facing

important decisions about malaria elimination/eradication [6].

Political commitment is essential; local research agendas for

drug and insecticide resistance must be completed, health

system readiness assessed, and cost-effectiveness analyses under-

taken before deciding to make the long-term investment in

elimination.

From its discussions, the malERA Consultative Group on

Integration concluded that the cross-cutting research and

development agenda in the context of the paradigm shift from

control to eradication must take into account the research

developments of the last few decades. Since the end of the Global

Malaria Eradication Program (GMEP), innovations such as rapid

diagnostic tests, insecticide-treated bednets, and improved

information systems and communication systems have been

developed, and a partially effective vaccine should be available in

the foreseeable future. Thus, an algorithm needs to be defined

and a tool developed for deciding the readiness of the system

for elimination, or even for introduction of one of these

innovations.

The Case for Long-Term Investment for
Eradication

Cross-cutting research is needed to make the case for long-term

investment in eradication for the global public good and to ensure

that financial support is available for the ‘‘last mile’’ before

elimination [7]. This case should align with, and complement,

important and related development themes such as global security,

migration, food security, and climate change. If research findings

suggest that the case is strong, malaria eradication could be

included in global policies for health that follow on from the

Millennium Development Goals beyond 2015 [8]. Importantly, a

development agenda consistent with the Paris Declaration on Aid

Effectiveness and the Accra Agenda for Action [9,10] should be

accompanied by strong harmonization with the GMAP and the

goals of the Roll Back Malaria Partnership [3].

Cross-Cutting Research for a Good Measure of
Transmission in the Later Stages of Elimination

Malaria elimination has a very different endpoint from malaria

control and this change of paradigm demands the development of

specific measures of progress. New infections are a direct measure

of ongoing transmission but require labor-intensive, active

surveillance studies, particularly during the elimination phase in

regions previously experiencing high transmission where immune

individuals are unlikely to experience symptomatic disease. After

some years, as immunity declines, infection is more likely to be

symptomatic and may then be a good surrogate marker for the

detection of continued or resumed transmission during surveil-

lance. Thus, at the end of the process, some years after

elimination has been achieved and the population has lost

clinical immunity, surveillance of clinical cases can become a

guide to transmission. However, there are many years between

the time when transmission can be measured in endemic areas

(albeit with difficulty and high cost) and the time when active

surveillance of occasional cases becomes a useful measure (see

also [11,12]).

Accordingly, elimination programs need rapid, sensitive,

standardised, and reproducible transmission measurement meth-

ods to monitor progress towards the desired goal [13], particularly

when transmission continues at low and nonrandom levels.

Research into and development of new measures that are simpler

than surveillance for incident infections is a high priority in the

cross-cutting research and development agenda. Such measures

could potentially be based on serological or other biomarkers and

used as indicators of readiness for elimination, progress towards

that goal, and as markers of residual foci or reintroduced infection

[12].

In particular, the new and improved measures of transmission

could be used for measurement and certification of the absence of

transmission. Such measures are essential to ensure that the

decision to stop expensive entomological studies or indoor

spraying that inconvenience communities is made at the

appropriate time. Sustained funding is, of course, required to

detect ongoing transmission or reintroduction of disease.

Integration with Strengthened Health Systems

Many past efforts at malaria elimination have failed because the

health system failed during the implementation of stand-alone

programs [2]. This failure, through neglect or at least under-

resourcing during implementation of vertical programs, resulted in

the pessimistic view that malaria can only be eliminated in regions

where economic progress and stable governance are in place that

Summary Points

N Several important cross-cutting issues must be ad-
dressed as the international community or an individual
program moves from malaria control to malaria elimi-
nation/eradication: an integrated decision-making
framework must be constructed for this paradigm shift

N Methods to measure transmission rapidly and cost-
effectively in populations, particularly in low transmis-
sion settings, must be developed; very sensitive indica-
tors of transmission are particularly important late in the
elimination phase

N Elimination programs must be integrated for mutual
benefit with strengthened health systems; better train-
ing and capacity building, better information systems,
and modeling must also be developed

N New or improved tools alone will not be enough;
community engagement and good communication
between everyone involved in malaria elimination/
eradication is essential

N A research and development agenda for cross-cutting
issues is presented that should facilitate progress as
programs aiming at malaria elimination/eradication
supersede malaria control programs
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support well-functioning health systems. Even if a region initially

opts for a purely vertical approach, when transmission declines,

patient needs for appropriate diagnosis and treatment in the

general health system become part of the surveillance system and

need to be integrated with existing health system structures for

local responses and central monitoring [2,4]. Moreover, diagnosis

and appropriate treatment can contribute to reduction in

transmission, and good health facilities are essential for manage-

ment of other febrile illnesses. For these reasons, a malaria

elimination program simply cannot succeed in the absence of an

effective health system.

The importance of health systems thinking, the need for setting-

specific and phase-specific integration, and the need for new

approaches to replace the old separation into ‘‘horizontal’’ or

‘‘vertical’’ programs have been discussed by most of the other

malERA Consultative Groups but particularly by the group that

focused on health systems [4]. The consultative groups also

highlighted relevant cross-cutting research and development

agenda topics such as the need to measure synergies between

malaria-specific programs and health systems strengthening, and

the extent to which inputs for malaria elimination can be used to

strengthen population health. Our group concluded that tailoring

an approach to each setting is required, maximising synergy with

the health system for mutual benefit, while maintaining the

integrity of categorical program objectives, and the important

activities of the health system.

Training

All of the consultative groups recognized the need for training

and capacity building in the context of elimination, from discovery

research in the laboratory, through social sciences research in

communities, and on to operational research in the context of

health systems thinking. Master’s level research training that

introduces the principles of a scientific approach, epidemiology,

and evidence-based decision making would benefit anyone

involved in deciding about resource allocation, timing, and

refinement of the elimination approach before, during, and after

any elimination/eradication program. Training for the eradication

research agenda also needs to be accompanied by training of

public health leaders and managers with substantial knowledge of

malaria.

In addition, communities of health systems experts require

research training to help them measure the impacts of an

integrated approach to malaria elimination. ‘‘Elimination science’’

would assess the implementation of changed diagnostic or

surveillance methods, or expanded roles of community health

workers or reporters engaged in active surveillance (‘‘learning in

action’’). The information gleaned through such assessments could

be used for operational research or social science research relevant

to community participation and engagement. It could also be used

by a new cohort of experts in database development, management,

or information technology.

For basic research, which has a longer time frame, academic

expertise needs to be developed and sustained in fields relevant to

technological development such as bioinformatics, genetics, drug

and vaccine discovery, systems thinking, and mathematical

modeling. It also needs to be developed in fields relevant to

health promotion and communication and the enhancement of

these fields by new technology.

Together, these training requirements, particularly those that

focus on the needs of disease-endemic countries, are substantial

and should be the subject of a later specific review.

Information Systems and Modeling for Assessing
Combinations of Intervention Strategies

All the consultative groups acknowledged the importance of strong

information systems that are reliable and responsive to local needs for

rapid intervention, and that provide inputs to national and regional

databases. The requirements for information systems will change

over time with changes in transmission but an important attribute

of these systems should be harmonization and the avoidance of

unnecessary duplication to meet, for example, special or frequent

requests from funding agencies. Importantly, additional sources of

information have to be integrated into existing information systems

to allow modeling of future interventions, to facilitate the analysis of

system-wide effects for costing and implementation, and to provide a

resource for researchers who are modeling transmission, as discussed

in other malERA articles (also see [4,14]).

In common with surveillance systems, information systems need

to be envisaged as tools for intervention (with a target product

profile and standards to be developed and monitored), rather than

as ends in themselves. The consideration of information systems as

interventions (just as surveillance was defined as an intervention by

the WHO Global Malaria Eradication Program), provides a useful

perspective for the definition of the malERA research and

development agenda and is well discussed elsewhere in this series.

Finally, because the costs and benefits, potential synergies, and

operational assessments of combination strategies are likely to be

different in different environments, modeling emerged as one of

the key cross-cutting themes during the malERA consultation

process. In particular, the use of modeling to assist discussions and

decisions on intervention mixes in time and space emerged as a

high priority cross-cutting theme that is discussed further in the

relevant article in this Supplement [14].

Community Engagement

Successful public health programs are characterized by

community engagement and good communication, but how to

achieve these critical success factors is not well understood.

Community case management and treatments such as piloted in

Tigray [15], can be effective, but support from all sectors of society

is critical, particularly where there is a requirement for

behavioural change. Strategies are required to explain why efforts

against malaria need to be maintained, even when malaria cases

are extremely rare. Conversely, governments also have to choose

the correct time, and explain the rationale for stopping certain

interventions. We need to understand how public perception

affects such decisions and provide guidance for countries on when

certain interventions will no longer be cost-effective, and we have

to communicate this information effectively.

Good communication is essential among malaria researchers. It

is also essential that malaria researchers communicate well with

people involved in health systems, malaria control specialists,

health care workers, funders, stakeholders from public and private

nongovernment sectors, communities, the general population, and

the international community. Research should be undertaken on

the range of factors that influence connectivity, from cultural

aspects to technology, which could be revolutionised by the advent

and availability of new means of communication.

Conclusions

An important part of the malERA process was to identify cross-

cutting issues that could facilitate the achievement of the goal of

elimination, particularly in the light of past failures, and build on

the GMAP that already includes eradication as a long-term goal.
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As recognized by the whole malaria community, integration is a

prerequisite for success.

Tools alone are not enough, but need to be accompanied by

excellent and ongoing coordination, operational research, infor-

mation systems, and monitoring and evaluation supplemented by

active surveillance. Integration with the health system and a

multidisciplinary approach are also essential, providing new tools

and approaches for modeling and for systems thinking about the

concepts and strategy needed to achieve the ultimate goal. In

addition, communication and research into its improvement and

local adaptation are critical; without excellent communication and

community and political engagement, elimination/eradication

programs will not succeed. Moreover the community and the

health system need to be ready with appropriate tools and trained

personnel in place to take on new or specific tasks that need to be

integrated into ongoing activities.

Before attempting elimination, a realistic feasibility assessment is

required to determine readiness for this challenge. Some countries

fall far short of readiness, having tools that are inadequate to

complete the task where force of infection is very high, having

health systems that are weak, or suffering from socio-political and

civil disturbances that make public health practice nearly

impossible. Other countries may simply lack one major prereq-

uisite such as political will, or a drug to overcome resistance to

available antimalarial therapy. Unrealistic promises about malaria

elimination will inevitably lead to disappointment and disillusion

with public health approaches and should be avoided.

We cannot provide estimates of the cost of the research and

development agenda for cross-cutting issues that we present in Box

1, and recognise that further work will be required to delineate

fully all the regulatory and ethical implications of new tools that

have been envisaged or described here. Technology that may

provide solutions may currently be beyond our imagination, but

could be available within a short few years. Importantly, however,

we recognize that very long-term investments will be needed for

the research and development agenda that we have outlined. We

also recognize that we need to build on public/private

partnerships and connections with industry to facilitate new

advances. Nevertheless, we emphasize that, even if elimination

programs are decades away for some countries with very high

transmission, now is the time to start work on the broad and

integrated portfolio of long-term research that is essential if the

goal of malaria eradication is to be achieved.
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Box 1. Summary of the Research and
Development Agenda for Cross-Cutting Issues

N Develop and validate a framework of essential informa-
tion required for making the decision to progress from
scaled-up control to elimination that includes political,
economic, and financial factors. The framework should
recognise variability in epidemiology, the need for
political will to prioritise and/or finance and support
such a long-term project, and the need for locally
effective tools powerful enough to finish the task.

N Develop a long-term investment case for elimination
that should align with important development themes
such as global security, migration, food security, and
climate change.

N Document current and past efforts towards elimination.

N Develop methods and approaches to measure and
monitor transmission in a rapid and cost-effective way
at a population level, especially in very low transmission
settings. These methods and approaches should be used
as metrics for the very sensitive indicators of progress
needed for active surveillance systems required in the
last phases of elimination.

N Define and develop the tools required for a communi-
cation and knowledge management strategy that
encourages community engagement, local health sys-
tem involvement, and the participation of national, and
international stakeholders.
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Abstract: Encouraged by the early success of using
dichloro-diphenyl-trichloroethane (DDT) against malaria,
the World Health Organization (WHO) embarked on the
Global Malaria Eradication Program (GMEP) in 1955.
Fourteen years later, the campaign was discontinued
when it was recognised that eradication was not
achievable with the available means in many areas,
although the long-term goal remained unchanged.
During the GMEP, malaria was permanently eliminated
from many regions. In other areas, however, substantial
gains were lost in resurgences, sometimes of epidemic
proportions. During the 1970s and 1980s, because of
economic and financial crises, international support for
malaria control declined rapidly, but in the past decade,
following increasing demands from endemic countries
and promising results from scaling up of control activities,
interest in malaria elimination and the long-term goal of
eradication has received international political and
financial support. In 2007, there was a renewed call for
malaria eradication and a consultative process to define a
research and development agenda for malaria eradication
(malERA) was established. Lessons learned from the GMEP
(1955–1969) highlight the fact that no single strategy can
be applicable everywhere and that a long-term commit-
ment with a flexible strategy that includes community
involvement, integration with health systems, and the
development of agile surveillance systems is needed.

Introduction

The mechanisms of malaria transmission were first elucidated at

the end of the 19th century. This research meant that

malariologists could at last explain the observed effects of

traditional control measures, such as drainage of marshes and

mosquito nets, and develop better approaches to control malaria.

Thanks to increasing public and political support, the early days of

the 20th century witnessed the deployment of an increasing

number of interventions against malaria. However, large-scale

implementation of most of the proposed measures had severe

operational and financial limitations, and some strategies were

found to be suitable only in particular social, ecological, and

epidemiological conditions.

The best approach to malaria control became the subject of

intense debate during the first decades of the century. Experts

were roughly divided into two major conceptual camps. Some

(e.g., Ross, Gorgas, and Watson) favoured large-scale campaigns

of vector control or mass drug administration to prevent and

rapidly solve the problem. Others (the Malaria Commission of the

League of Nations and the so-called Italian and Dutch schools)

advocated locally designed programs of progressive, albeit slow,

development of case management facilities and environmental

sanitation to stimulate health and economic development, and

diminish malaria morbidity and mortality. While the first group

achieved spectacular successes, such as the interruption of malaria

and yellow fever transmission during the construction of the

Panama Canal and the elimination of the introduced highly

efficient African vector Anopheles gambiae in Brazil, sustainability

seemed to require the solid public health foundations envisaged by

the second approach. Thus, in 1939 Boyd summarised the

prevailing public health point of view as: ‘‘malaria control should

not be a campaign, it should be a policy, a long-term program. It

cannot be accomplished or maintained by spasmodic effort. It

requires the adoption of a practicable program, the reasonable

continuity of which will be sustained for a long term of years’’ [1].

It is hoped that the following review of the history of the Global

Malaria Eradication Program (GMEP) (1955–1969) will encour-

age current and future antimalarial programmes that are pursuing

new goals to develop flexible strategies on the basis of analyses of

their own history and to strengthen their existing expertise rather

than relying on new cadres to adopt an imported strategy, as did

the GMEP.

The Impact of DDT

The development of dichloro-diphenyl-trichloroethane (DDT)

as the first residual insecticide in the early 1940s brought about a

radical change in malaria control strategies. Killing indoor resting

adult mosquitoes with insecticides sprayed on household walls had

started in the 1930s using pyrethrum extracts, but had limited

applicability because weekly applications were needed. DDT,

which was first used against malaria by the US Army during

World War II, required only semestrial or annual applications.

This long residual effect meant that malaria control could be
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extended to large rural areas, although it needed a strong central

organisation to handle the supply, transport, and distribution

networks required for regular and correct application.

During the late 1940s and early 1950s, after numerous field

trials, more and more national control programmes adopted DDT

spraying. These programmes showed that transmission could be

interrupted and that malaria did not necessarily return if spraying

stopped [2,3]. DDT appeared to be effective everywhere, making

eradication of malaria a feasible objective. However, DDT’s

effectiveness against agricultural pests and household insects made

prices soar, and its widespread application rapidly led to the first

appearance of vector resistance to DDT in Greece in 1951 [4].

In this context, it was felt that progress at a global level would

require more than the slow recruitment of political support

country by country. Rather, it would be necessary to mobilise

political commitment at the UN level and gain the financial

support of UN agencies and of the United States, where a strong

lobby was formed to obtain funds for global malaria eradication

[5]. Further support for a global eradication approach was

provided during the 1950s by Macdonald’s mathematical model,

which highlighted the great superiority of increasing adult vector

mortality over mere reduction in density [6–8]. Malaria

eradication was also advocated for with economic and political

arguments that shifted from the impact of malaria on the local

economies, to its influence on the price of imported goods and the

risk that malaria could ‘‘predispose a community to infection with

political germs that can delay and destroy freedom’’ as stated by

Paul Russell, the Rockefeller malariologist who defended the

WHO malaria eradication proposal at the 8th World Health

Assembly (WHA) [9].

The GMEP was approved by the 8th WHA in Mexico in 1955

[10]. WHO was given the mandate to provide technical advice

and coordinate resources, but not to act as ‘‘directing and

coordinating authority’’ as proposed in the draft resolution

submitted by 28 countries [11]. The 1955 WHA resolution also

established a Malaria Eradication Special Account to channel

public and private contributions [10], which opened the hope of

general availability of funds.

Although approved by an overwhelming majority, the decision

to launch the GMEP was not without controversy. Advocates of

the eradication approach highlighted the emergence of mosquito

resistance to DDT that, in their view, necessitated the launch of

the GMEP before the world lost its most promising weapon. They

also argued that eradication was, in the long term, financially more

attractive than control. Conversely, critics of the campaign

doubted the feasibility of eradication in vast areas that had poor

communications and adverse environments and that lacked public

health systems. They also emphasized the poor understanding of

the implications of undertaking a malaria eradication campaign,

both in terms of its cost and of the risk to the population posed by

lost immunity if protection had to be interrupted [12].

In 1956, the WHO Expert Committee on Malaria was called to

design the eradication campaign (Figure 1). The Committee felt

that they were shaping a strong political force and that they had

the opportunity of freeing malaria control from the frustrations of

bureaucracy by prescribing autonomous organisations capable of

achieving the precise execution of interventions. In contrast to

control (measures of indefinite duration aimed at reducing the

incidence of malaria), eradication was defined as ‘‘the ending of

the transmission of malaria and the elimination of the reservoir of

Summary Points

N An examination of the evolution, implementation, and
outcome of the Global Malaria Eradication Programme
provides useful lessons for current elimination/eradica-
tion attempts

N Programmes should develop flexible strategies, integrat-
ed into the national health infrastructure rather than
only implementing vertical malaria elimination cam-
paigns, in order to ensure sustainability

N Professional cadres that can adapt the strategy to the
local epidemiology and that can develop an effective
surveillance system deeply rooted in the communities
should be strengthened

N To solve problems and to review strategies, close links
should be established with field and laboratory research

N Communities should be encouraged and supported to
adopt malaria elimination as their own goal, reporting
abnormal situations and creating a demand for effec-
tiveness

Figure 1. Phases of the Malaria Eradication Campaign as established by WHO in 1963. Image credit: Fusión Creativa.
doi:10.1371/journal.pmed.1000412.g001
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infective cases in a campaign limited in time and carried out to

such a degree of perfection that when it comes to an end, there is

no resumption of transmission’’ [13].

The Expert Committee seems not to have realised that in

creating such executive machinery, they were transforming the

practice of malariology. The administration of such gigantic

enterprises was a totally absorbing job; up to then, malariologists

had been field scientists guiding governments and local authorities

by trying to solve a problem. Now malariologists were forced to

become managers trying to accomplish a complex task.

Moreover, the global eradication campaign was based on the

assumption that all the necessary knowledge for eradication was

available, that further research was superfluous, and that

eradication required a rigid discipline in which local deviations

from a centrally defined plan must be prevented. Thus, malaria

eradication acquired the characteristics of an ideology and control

was demonised. This attitude is clearly illustrated by the statement

of the UNICEF Regional Director to the Executive Board:

‘‘Between malaria control and eradication there is as great a

difference as that between night and day. Control … is a primitive

technique. Now we know exactly … the schedule of an eradication

campaign which will last four or five years, followed by three years

of consolidation’’ [14].

This overoptimistic environment prevented the recognition of

general problems in the conception of the campaign, which was

based on an exaggerated extrapolation of early local experiences

that, although successful, represented a very limited variety of

epidemiological situations. Actually, it was obvious from the start

that nobody knew how to deal with the problems of tropical

Africa; this was one of the main objections to the GMEP in the

1955 WHA.

A serious consequence of that exaggerated confidence was the

belief that the wide experience and knowledge of the old

malariologists was superfluous and even counterproductive,

particularly if they persisted in modifying the eradication strategy

locally. Therefore, eradication campaigns were entrusted to new,

preferably young ‘‘malariologists,’’ trained in ‘‘Malaria Eradica-

tion Training Centres’’ established by WHO in several countries.

GMEP interventions consisted basically of indoor residual

spraying with DDT or other approved insecticides. The Expert

Committee developed standard guidelines for action on the basis

of vertical, time-limited interventions clearly distinct from previous

measures. Destruction of mosquito breeding marshes, prevention

of mosquito bites, and other measures traditionally used in malaria

control were abandoned, depicted not only as unnecessary but as

antagonistic to the higher goal of eradication. Moreover,

international funds became available only to countries adopting

the goal and the means set by the WHO expert committee reports.

The fundamental principles of the campaign—total coverage

and perfection in the execution of operations—served as a stimulus

to those countries that already had, or could develop, the

infrastructure to mobilize and use the new resources to eliminate

malaria from their territories. Many other countries, following the

Committee’s directives, established new autonomous structures

that favoured the delivery of services over the creation of a

demand and the participation of local communities. These

autonomous structures often became ‘‘self-perpetuating,’’ dissoci-

ated from the general health services and incapable of adaptation

to changes in the epidemiological situation.

Outcomes of the Campaign

It is not necessary to emphasize the positive contributions of the

campaign to world health, which include: (1) achieving a

considerable reduction in the geographical distribution of malaria

although most of this reduction was in areas that already had well

functioning control programmes; (2) being the first global health

programme aimed at ‘‘total coverage’’; (3) leading to the

establishment, in some countries, of effective although partial

contact with the communities, through networks of ‘‘voluntary

collaborators’’ for diagnosis and treatment; (4) making a serious

attempt to use local maps to guide its activities, even if that

practice was later neglected; and (5) having an important influence

on the subsequent planning of health programmes.

Nevertheless, as more and more countries joined the campaign

and reported the achievement of total coverage with attack

measures, often after strenuous efforts to reach remote areas,

emerging problems were overlooked. Even the confirmation of

chloroquine resistance in 1960, after treatment failures had been

reported since the late 1950s from Venezuela and Thailand, was

not given its full epidemiological importance because the

campaign still hoped to interrupt transmission by spraying. In

addition, it was assumed that the well-known periodic epidemic

risk in certain areas would not return after local interruption of

transmission. It was only in the mid-1960s that the existence of

‘‘problem areas’’ was recognised, after evidence of vector

avoidance of contact with the insecticide in southern Mexico

was confirmed.

As mentioned above, antimalarial interventions other than

indoor residual spraying were abandoned. Even the use of

antimalarial drugs as a complementary measure was considered

redundant at the beginning. At the same time, there was a general

disregard for social and cultural barriers, which often prevented

the acceptance of the campaign activities in many of the ‘‘remote

areas.’’ Moreover, even though most country programmes

established health education units, these were rarely given the

recognition or the means needed to provide a useful contribution

[5].

Malaria Resurgences after Interruption of
Transmission

During the 1960s, not only did some areas fail to advance as

expected, but other areas saw resurgences of malaria after

relatively long periods of interruption of transmission. Some

resurgences were surprisingly serious epidemics that required the

reestablishment of spraying operations.

By 1962, it was already recognised that the consolidation phase

required an infrastructure capable of supporting epidemiological

surveillance. As a result, a new ‘‘pre-eradication programme’’ was

established, mainly for Africa, with the aim of developing the

required health infrastructure in parallel with the preparatory

phase of the campaign. Unfortunately, there were no models of the

minimum infrastructure required and the development of the

‘‘basic health services’’ continued to respond mainly to financial

and political motivations.

Moreover, although by the mid-1950s, there was relatively wide

experience in the use of DDT, nobody had a clear idea of how to

organise a surveillance system capable of detecting the last cases of

malaria. The sixth report of the Expert Committee [13] suggested

the creation of surveillance systems involving direct—mainly

house-to-house visits—and indirect means, such as engaging

official or unofficial health services, of case detection. It also

suggested that the search should be intensified as the number of

cases decreased to manageable proportions.

However, the campaign managers considered terms like ‘‘man-

ageable proportions’’ too vague and demanded clearer and more

precise prescriptions. The Expert Committee obliged in its 8th and
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10th reports by producing some indicators for when to stop total

coverage with spraying (the end of the attack phase). These indicators

were an annual parasite incidence of ,0.5/1,000 and ,0.1/1,000 (in

the 8th and in the 10th reports, respectively), an annual blood

examination rate of .10% of the population of the malarious areas,

and a slide positivity rate of ,5%. Although the committee insisted

on the need to be guided by the experience and the capacity of the

local services, campaign managers rapidly adopted these figures as

thresholds for advancing through the phases of the campaign.

As problems became more widely recognised through the

1960s, there was some renewed interest in malaria research.

WHO, for example, set up a programme for coordinating the

development of new insecticides for public health and supported

pilot projects to interrupt malaria transmission in Africa.

Nevertheless, it was the spread of drug resistance in Southeast

Asia and increased involvement of the US in the Vietnam war

during the second half of the decade that led the US army to

launch an intense malaria research programme aimed at the

development of new antimalarials, but including studies on

parasite biology, immune responses, in vitro culture, and the

development of new animal models. McGregor described this

development as: ‘‘throughout the world support for further

research into malaria, even that concerned with insecticides and

chemotherapeutics, contracted swiftly. Worse still, the apparent

imminent demise of a once important disease removed the

necessity for training scientists in malariology. It took 10 years and

a war to halt this tragic trend’’ [15].

After Global Eradication: A Return to Control

In 1967, as more areas reverted from consolidation to attack

phase, the WHA requested a reexamination of the global strategy.

The evaluation illustrated the slowing down of the global campaign

[16], particularly after 1966 (Figure 2). GMEP also faced financial

constraints during these years, as the US contributions to the WHO

Malaria Special Account, which represented more than 85% of the

total, were stopped in 1963, considerably reducing WHO’s capacity

to provide technical assistance [17].

An event that undoubtedly influenced the WHA was the 1968–

1969 epidemic resurgence of malaria in Sri Lanka (then Ceylon), a

country that had been considered a model for the training of

malariologists. The surveillance system in this country had not

reacted to 4 years of clear deterioration (1963–1967), nor had it

taken into account 30 years of accumulated knowledge about the

periodicity of epidemic risk in the country.

In 1969, 14 years after the launch of the GMEP, the 22nd World

Health Assembly had to recognise that there were countries where

eradication was not feasible in the short term, and that a strategy of

control was an appropriate step towards future eradication in those

areas. ‘‘In the regions where eradication does not yet seem feasible,

Figure 2. Progress of the campaign, presented to the 8th WHA [16]. Image credit: Fusión Creativa.
doi:10.1371/journal.pmed.1000412.g002
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control of malaria with the means available should be encouraged

and may be regarded as a necessary and valid step towards the

ultimate goal of eradication,’’ the Assembly stated, while reaffirming

that eradication remained the ultimate objective [10].

Malaria Control during the 1970s and 1980s

Faced with the recognition that malaria eradication could not

be conceived as a short-term programme, UNICEF and other

major collaborating agencies withdrew their support to malaria

programmes in favour of general health programmes. The

economic crisis of the early 1970s also contributed to the

accelerated contraction of funding for malaria control. Moreover,

oil shortages caused considerable increases in insecticide prices

that further deteriorated the financial situation of the campaigns.

This reduction of programme resources, aided by a strong La Niña

in 1975–1976, resulted in severe epidemics in several countries,

particularly in the Indian subcontinent and Turkey.

Another problem that became evident during the 1970s was the

attrition of professional staff. The lack of professional incentives as

a result of the routine work imposed during the GMEP had

reduced the professional cadres. At the same time, the organisation

of spraymen into unions made it increasingly difficult to reduce

this unqualified labour force.

All these factors combined such that the campaigns became less

and less capable of reorienting their strategy. This lack of

flexibility, together with the drastic reduction of their operational

capacity, led to the so-called ‘‘fire-fighting’’ strategy. Paradoxical-

ly, in the name of maintaining previous achievements, operations

were continued in the best protected areas, resulting in resources

being concentrated in the areas with lesser problems.

To make matters worse, in response to the economic crisis,

many countries encouraged the exploitation of their natural

resources. Some, like Brazil or Indonesia, actively supported the

colonisation of their extensive primary forests by agriculture and

mining, a process supported by the construction of penetrating

roads. These policies resulted in massive outbreaks of malaria that,

because of the relative weakness of official malaria control,

encouraged an intensive trade of all kinds of antimalarial drugs,

thus contributing to the spread of drug resistance [18].

All these problems supported the view that progress required the

development of new tools and strategies and, in the mid 1970s,

WHO launched the Special Programme for Research and Training

in Tropical Diseases (TDR) in collaboration with the United

Nations Development Programme and the World Bank, in an effort

to reestablish the role of research in malaria control. Since its

establishment, the TDR has achieved important successes in the

development of new tools and in laboratory and field research.

Nevertheless, the ‘‘problem solving’’ approach of field malar-

iologists in the first half of the 20th century has not been recovered

in most programmes and the rift between control and research,

once described in India as ‘‘a curious rivalry between the malaria

programme and outside research bodies,’’ still persists. Most

research projects have little operational bearing on the control

programme and the latter lack ‘‘the capacity either to carry out

research, to guide it, to generate issues for research based on

analysis of incoming information, or to translate into operational

use research carried out by other institutions’’ [18].

Lessons Learnt from the GMEP by Antimalarial
and Other Health Programmes

Throughout the past decades, countries have tried to adapt to

changing situations within the constraints of their financial and

organizational limitations. These experiences show how antima-

larial and other programmes tried to implement lessons learned

from the GMEP, even though there were sometimes great gaps

between the formulation of a lesson and its application. These

lessons included:

(1) A public health service is needed to support malaria

surveillance, even though there are still major disagreements

among experts about when or how antimalarial programmes

should be integrated with the health services. Relevant to this

lesson, the WHO Registry of countries that have achieved

local malaria eradication, elimination in present terminology,

shows that a prerequisite for elimination may be the existence

of a previous prolonged control programme that has

contributed to the development of epidemiological services

and a rural public health service (Table 1). Tourism-oriented,

relatively rich islands maintain elimination through continu-

ous expensive mosquito control programmes. It should also be

recognised that countries included in the Registry were not

highly malarious, although some of them had foci of high

endemicity and areas subject to epidemic outbreaks.

(2) Control has to be supported with research. This lesson has led

to the considerable revival of malaria research since the 1970s,

but the relations between control programmes and research

institutions still need to be revived or strengthened.

(3) As highlighted by the Primary Health Care movement, active

participation of communities in the understanding of and

actions for the solution of their health problems needs to be

incorporated into antimalarial programmes. Although there

have been important local initiatives in the past, WHO has

only recently formulated a strategy for Community-based

Malaria Elimination. Conversely, it is worth recalling that the

setbacks and general lack of progress of the GMEP were

among the main stimuli for the generation of the primary

health care movement in the 1970s.

(4) More specifically, the GMEP’s ‘‘failure to achieve its

objective’’ was taken into consideration in the design of the

successful Intensified Smallpox Eradication Programme [19].

An important principle of this programme was that the

administrative structure and pattern of operations of each

national programme should be integrated into the health and

socio-cultural setting of the country. Fenner and coauthors

[20] noted that the programme’s success depended on stating

the strategic plan in terms of principles and illustrative

methodologies rather than in terms of directives and on

recognising that continuing field and laboratory research

would be essential. Another important principle of the

smallpox eradication programme was concentration on

investigating all outbreaks or clustering of cases, before

attempting to investigate each individual case. Although there

are obviously great differences in the epidemiology and the

response to control interventions between smallpox and

malaria, these strategic considerations should now be taken

into account in the malaria eradication programme where a

lack of flexibility, an incapacity to adapt to changing

situations, and a lack of coordination between control

programmes and research institutions have all been identified

as important obstacles to advancement in malaria control and

elimination [17,21,22]. Noteworthy in this respect is China’s

experience. Although not included in the WHO Registry

because only complete countries are included in this Registry,

China has eliminated malaria from most of its territory by

developing a control strategy on the basis of exhaustive

attention to case detection and management by epidemiolog-
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ical services deeply rooted in their communal organisation.

These services are firmly supported by political will at all

levels of society and deploy well-organised control measures

when they were needed for elimination of foci, all ‘‘in sensible

semi-defiance of WHO dictates,’’ according to Kidson [23].

Conclusions and Recommendations

Although not a comprehensive coverage of the problems of

malaria control, the authors’ experience and the broad historical

considerations presented above, suggest the following conclusions,

which may be useful in planning new elimination programmes:

N It may be fair to say that there is no country that is still

endemic today where the malaria problem is so simple and

uniform that it can be solved by applying a single strategy.

N The GMEP generated heated debate that contrasted vertical

and horizontal approaches to malaria elimination. Historical

analysis suggests that, while sustainable elimination of an

endemic problem from a wide geographical area requires the

build up of a epidemiological services well rooted in the

communities, a well-organised, disciplined campaign is

required for the rapid solution of local problems, such as

outbreaks.

N It is essential to identify and study the physical, social, and

cultural barriers that have proved to be stumbling blocks to

malaria control in the past, and make all necessary efforts to

avoid them in future by encouraging better community

involvement and ownership.

N Programmes should be adequately integrated into the national

health infrastructure. Such integration will allow them to

benefit from available epidemiological services for communi-

cation and analysis. Programmes should also benefit from the

establishment of solid links with research and training

institutions, including organisations studying ecology, anthro-

pology, sociology, economic activities (e.g., agriculture,

forestry, mining, fishing, etc.), production systems, labour

relations, and population movements of endemic populations.

N Worryingly, the notion that problems can be solved before

they are fully understood still seems widespread. This attitude

is evidenced by the emphasis placed on scaling up control

interventions rather than on developing an epidemiological

infrastructure. While such scaling-up will most likely continue

to reduce transmission in many areas, the timely identification

and elimination of residual foci may not be possible unless

programmes reestablish strong professional cadres capable of

guiding flexible and adaptable action. That is, those involved

in elimination efforts need to not only apply accepted control

measures, but also to evaluate results and participate in

problem solving.

N Surveillance should not only aim to detect the last case, it

should be an essential instrument from the start, involved in

the identification and study of problem areas, beyond the limits

of administrative localities. As the elimination programme

advances, epidemiological investigations should concentrate

successively in the study of outbreaks or clustering of cases and

finally of individual case investigations.

Finally, it is necessary to break the ‘‘quasi-cyclical’’ alternation

between overoptimistic expectations and a ‘‘fire-fighting strategy.’’

If malaria eradication is ever to succeed, the fate stated in 1927 by

the Second Report of the Malaria Commission of the League of

Nations—‘‘The history of special antimalarial campaigns is chiefly

a record of exaggerated expectations followed sooner or later by

disappointment and abandonment of the work’’—must be

avoided.
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Abstract: By examining the role research has played in
eradication or regional elimination initiatives for three
viral diseases—smallpox, poliomyelitis, and measles—we
derive nine cross-cutting lessons applicable to malaria
eradication. In these initiatives, some types of research
commenced as the programs began and proceeded in
parallel. Basic laboratory, clinical, and field research all
contributed notably to progress made in the viral
programs. For each program, vaccine was the lynchpin
intervention, but as the programs progressed, research
was required to improve vaccine formulations, delivery
methods, and immunization schedules. Surveillance was
fundamental to all three programs, whilst polio eradica-
tion also required improved diagnostic methods to
identify asymptomatic infections. Molecular characteriza-
tion of pathogen isolates strengthened surveillance and
allowed insights into the geographic source of infections
and their spread. Anthropologic, sociologic, and behav-
ioural research were needed to address cultural and
religious beliefs to expand community acceptance. The
last phases of elimination and eradication became
increasingly difficult, as a nil incidence was approached.
Any eradication initiative for malaria must incorporate
flexible research agendas that can adapt to changing
epidemiologic contingencies and allow planning for
posteradication scenarios.

Introduction

Despite a previous global eradication campaign (1955–1969),

malaria continues to be a major public health problem. Faced with

hundreds of millions of malaria cases annually and nearly a million

deaths, the international community is renewing efforts to

eradicate this disease. But, initiatives for national or regional

elimination or global eradication of any disease represent complex

efforts that consume vast financial, health services, and infra-

structural resources and require decades of commitment. Such

programs demand sound scientific underpinnings and manage-

ment structures that can adapt to changing epidemiologic scenes

and can learn from the experiences of previous programs. Herein

we describe three viral disease elimination/eradication efforts

whose research agendas offer lessons for malaria scientists and

public health program managers. The disease elimination

programs we consider are smallpox (the one human infectious

disease successfully eradicated), poliomyelitis (transmission of wild-

type 2 poliovirus was interrupted globally since 1999, although

transmission of types 1 and 3 continues in several countries), and

measles (whose transmission has been eliminated in the Americas

and in several countries worldwide). Each author has participated

in one or more of these eradication/elimination initiatives and

some also have experience in malaria research.

Throughout this article we use the following terms to denote

progressive decreases in the extent of human disease and

transmission of agent, as a result of deliberate interventions [1].

‘‘Control’’ is the reduction of incidence of a disease to an arbitrary

level whereupon it is no longer a public health priority.

‘‘Elimination’’ is the interruption of transmission of the pathogen

when disease incidence becomes zero in a population within a

large defined geographic area (e.g., one or more countries). A

caveat in measles and polio elimination initiatives is that imported

cases may appear in a country without indigenous transmission,

i.e., a country that has achieved elimination. Elimination is

considered to remain intact, so long as the importations are

contained and do not ignite anew extended indigenous transmis-

sion. Finally, ‘‘eradication’’ signifies the interruption of transmis-

sion of a pathogen worldwide and a reduction in disease incidence

to zero; this assumes that surveillance systems could detect

transmission, if any. Theoretically, eradication should obviate

the need for further control measures other than surveillance (as

with smallpox).

Aside from the common requirements for adequate resource

commitment, broad advocacy and political will relevant to all

disease eradication initiatives, there are biologic and epidemiologic

factors that specifically affect the feasibility of eradication of

smallpox, polio, measles, and malaria. Table 1 summarizes these
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salient factors. Table 2 provides illustrative examples in which

research played an important role in the eradication of smallpox,

the near-eradication of polio, and the elimination of measles from

the Americas and some other countries. From these experiences,

lessons were learned that are applicable to the Malaria Eradication

Program and that should, we believe, be incorporated in the

Malaria Eradication Research Agenda (malERA) described in this

Supplement.

Lesson 1. Research Should Accompany
Elimination/Eradication Efforts from the Outset

The foremost lesson learned from eradication/elimination

efforts for viral diseases is that a flexible research agenda must

be initiated early, prior to or concomitant with the launch of

eradication interventions.

Smallpox
Since 1959, when the World Health Assembly (WHA) resolved

to undertake global smallpox eradication, research played an

integral role in every facet of its implementation [2]. Without the

products of field and laboratory research and their incorporation

into the program, eradication would not have been achieved.

Research improved vaccine production methods to assure the

universal availability of potent, heat-stable products [3,4] and

provided improved instruments and methods for performing

vaccination [5,6]. Field studies yielded new insights into the

epidemiologic behaviour of smallpox under differing circumstanc-

es and identified optimal preventive and containment methods for

control, elimination, and eradication [2,7–10].

Between 1959 and 1966, progress in smallpox eradication was

limited. Then, in 1966 the WHA intensified the effort by allocating

US$2.4 million for the program. An overall strategy was

formulated that included vaccination of 80% of the population

in each country using vaccines of assured potency and establish-

ment in all countries of a weekly reporting system from all health

units with plans to vaccinate contacts and neighbours of all cases to

stop each outbreak rapidly—an approach termed ‘‘surveillance-

containment’’ [11]. In 1967, 43 countries reported 132,000 cases

Summary Points

N Lessons from the smallpox, poliomyelitis, and measles
eradication/elimination initiatives (in particular, the
importance of starting laboratory, clinical, and field
research early in the program and continuing research in
parallel) should be incorporated into any malaria
eradication initiative from the onset

N Vaccines are likely to be the lynchpin interventions of
elimination/eradication programs, but ongoing research
will be needed to improve formulations, delivery, and
immunization schedules

N Surveillance will be critical throughout any elimination/
eradication initiative, coupled with improved diagnostic
methods to detect asymptomatic infections and low
rates of transmission

N Because socio-cultural, religious, and local politics can
impede eradication efforts, it is prudent to support
research into improving ways to communicate effective-
ly with local populations about the disease and the
interventions to eradicate it

N A cross-cutting theme among the viral disease programs
is that interrupting the last vestiges of transmission is
particularly problematic and requires allocation of many
resources including support for focused ‘‘last kilometre’’
research activities

Table 1. A comparison of the inherent salient features of smallpox, polio, measles, and malaria infections that favour or impede
elimination of the disease and the most effective past and current interventions.

Feature Smallpox Polio Measles Malaria

Disease syndrome is
recognized by the public

Yes Yes (paralytic form) Yes Variable

Extent of clinical
expression

100% ,1% (many subclinical and
nonparalytic cases)

,100% Often low

Specificity of the clinical
disease

High High for paralytic disease;
low for nonparalytic disease

Moderate Often low

n serotypes or
species

2: V. major (high case fatality) and
V. minor (low case fatality)

3 1 5a

Reservoir Humans Humans Humans Humans (except for
P. knowlesi)a

Transmissibility Usually low to moderate High Very high Variable

Seasonality Yes (regional) Yes (regional) Yes (regional) Often

Incubation period (d) 12–14 6–20 9–13 ,12

Immunity follows a
single clinical infection

Yes Yes (type specific) Yes Nob

Interventions Vaccine (live) Vaccines (live oral and killed
parenteral)

Vaccine (live
subcutaneous)

ITNs; ACTs; IRS;
IPTp; IPTi

aP. falciparum, P. vivax, P. malariae, and P. ovale are restricted to human hosts. P. knowlesi, which mainly infects nonhuman primates, can also cause disease in humans
following natural transmission.

bHowever, the development of immunity against clinical disease follows repeated infections.
ACT, artemisinin combination therapy; IPTi, intermittent preventive treatment in infants; IPTp, intermittent preventive treatment in pregnancy; IRS, indoor residual
spraying; ITN, insecticide treated bednets.
doi:10.1371/journal.pmed.1000405.t001
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of smallpox, but studies revealed that only 1%–2% of cases were

being reported at that time. [12]. The goal was to stop smallpox

transmission in 10 years. The last case occurred 10 years, 11

months, and 26 days later.

Polio
Poliomyelitis (polio) was one of six childhood diseases targeted

for control in 1974 by the World Health Organization (WHO)

through the Expanded Program on Immunization (EPI).

Research during the Smallpox Eradication Program confirmed

the feasibility of coadministering multiple antigens and experi-

ence was acquired in managerial aspects of vaccine delivery and

disease surveillance [13]. However, polio outbreaks continued in

low- and middle-income countries, mostly tropical/subtropical,

despite routine administration of trivalent oral polio vaccine

(tOPV) [14].

In 1980, Brazil began coordinated mass administration of tOPV

(supplementary immunization activity) twice annually to all

children ,5 years of age [15], and a dramatic reduction of

paralytic polio incidence ensued. Encouraged by the success of this

strategy, in 1985 the Pan American Health Organization resolved

to eliminate polio in the Americas by 1990. In 1988, the WHA

resolved to eradicate polio worldwide by 2000 [16] and the Global

Polio Eradication Initiative (GPEI) was established in partnership

with UNICEF, the US Centers for Disease Control and

Prevention, and Rotary International; WHO was responsible for

overall management, program implementation, and fundraising.

In GPEI’s early years, with funding shortages and success of the

program in the Americas, research was not a priority. Neverthe-

less, limited applied research, driven by emerging operational

needs and gaps, led to advances in vaccine logistics, cold chains,

monitoring and evaluations, laboratory methodology, and surveil-

lance to detect cases of acute flaccid paralysis (AFP) [17].

Appreciation by GPEI of the need for intensified research grew

as new programmatic challenges and findings about polio virology

and epidemiology were encountered and posteradication questions

emerged. With awareness that additional approaches would be

essential if the target date for global interruption of transmission

was to be met, a Global Technical Consultative Group was

convened in 1996 to address challenges in eradication progress

[18]. Although polio due to type 2 wild poliovirus was eradicated

globally in 1999, cases and outbreaks due to types 1 and 3

continued. And, rather than marking global eradication, the year

2000 saw an unexpected outbreak of 21 polio cases in Hispaniola

caused by circulating vaccine-derived poliovirus [19]. Recognition

that vaccine-derived poliovirus could cause epidemics of AFP

reinforced the need for flexible research efforts to respond

expeditiously to emerging needs [19,20].

By 2004 [21], newer challenges to eradication in endemic

regions were recognized, including low tOPV efficacy in certain

populations, low herd immunity, and the participation of

vaccinated children in wild poliovirus circulation—collectively

considered as ‘‘failure-of-vaccine.’’ More frequent supplementary

immunization activity proved to be inadequate, highlighting the

need for research to elucidate virus transmission better and to

identify correlates of protection relevant at the population level.

Consequently, the WHO Polio Research Committee was

established in 2008 to provide a forum for addressing timely

research questions [22]; the Advisory Committee on Poliomyelitis

Eradication now provides oversight for research and application of

findings in program implementation [23].

In retrospect, anticipating research questions was difficult when

the path to polio eradication seemed straightforward. Today, 10

years past the original eradication goal, research has greatly

expanded, including ongoing research in operations, evidence-

based communication strategies to overcome socio-cultural or

Table 2. Research outputs that contributed to the eradication of smallpox and the regional elimination of polio and measles (or
outputs that are still undergoing evaluation or development): Lessons for the rejuvenated Malaria Eradication Program.

Research
Output Smallpox Polio Measles Malaria

Basic
research

Heat-stable vaccine; Bifurcated
needle; Differentiation of
orthopoxviruses based on
genomic sequence analysis;
Search for candidate antiviral
drugs with activity against Variola
(disappointing results in clinical
trials)

Identification of 3 serotypes;
Development of live and killed
virus vaccines; Modern monovalent
(type 1 or 3) and bivalent (types 1
and 3) vaccines; Sequencing of viral
isolates; Search for safe and
effective antiviral drugs

Live measles vaccine strains; IgM
measles antibody diagnostics; Oral
fluid-based diagnostic assays;
Sequencing of viral isolates to
obtain epidemiologic insights;
Measles H DNA vaccine (to prime
very young infants immunologically
so they can respond safely and
effectively to current live vaccine)

Biology of liver stage parasites; In
vitro culture of P. vivax; Sensitive,
simple, point of care diagnostics
to detect both symptomatic and
asymptomatic infections; Single
encounter radical cure and
prophylaxis drug; Vaccines to
interrupt transmission; New
effective insecticides that are safe
for humans

Clinical
research

Immunogenicity of vaccine
administered by new methods of
delivery (e.g., Ped-O-Jet; bifurcated
needle); Evaluation of antiviral
agents (marboran, cytosine,
adenine arabinoside)

Immunogenicity of tOPV in
different settings; Immunogenicity
of monovalent and bivalent
vaccines; Duration of OPV
excretion by
immunocompromised subjects

Identification of a correlate of
protection (serum plaque
reduction neutralizing antibody);
Immune responses following initial
immunization and following
booster dose; Respiratory tract
administration of vaccine by
small particle aerosol or by
large droplet spray

Improved measures of immune
response; Identify immunologic
correlates of protection

Field
research

Definition of transmission
indices; Surveillance/containment
strategy; Discovery of monkeypox

Impact of national and
subnational mass immunizations;
Identification of outbreaks due to
circulating vaccine-derived
polioviruses; Anthropological and
sociological studies to enhance
local support for vaccination

Identification of the ‘‘window of
vulnerability’’ in infants; Impact
of national and subnational mass
immunizations; Coupling mass
measles immunization with OPV
and antihelminthic administration
and bednet distribution

Improved methods to measure
malaria transmission in different
settings; Improved methods for
measurement of malaria
morbidity and mortality; Studies
of local vectors to identify points
of intervention

doi:10.1371/journal.pmed.1000405.t002
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religious belief-based resistance to vaccination [24], vaccines and

immunity, molecular epidemiology, mathematical modeling [25],

and a search for antivirals to curtail virus shedding.

The lesson learned from GPEI that research should accompany

elimination/eradication efforts from the outset applies directly to

the unsuccessful Malaria Eradication Program of 1955–1969. This

Program relied heavily on indoor spraying with residual

insecticides and detection of cases and treatment with chloroquine

as the primary interventions. Without a strong ongoing research

program within a flexible infrastructure, this program could not

respond adequately to the emergence of widespread mosquito

resistance to DDT and parasite resistance to chloroquine.

Measles
Measles, one of the most communicable of all infectious

diseases, exhibits an extraordinary propensity to reach susceptible

individuals even when they constitute only a small proportion of

the population [26]. In the prevaccine era, all children

experienced measles unless they lived in remote areas. [27]. The

clinical expression of infection approached 100% and led to life-

long protection against disease; the occasional individuals with

subclinical infection did not, apparently, transmit virus.

The case fatality rate of measles in malnourished infants in

developing countries exceeds 20% [26]. In 1999, measles was the

third most common cause of death among children ,5 years of

age in developing countries and the most common vaccine-

preventable cause. The gravity of measles disease and its

complications and the magnitude of the human and economic

tolls exacted are often insufficiently perceived by health profes-

sionals and the public: even in industrialized countries measles can

be severe with at least one case among every 1,000 proving fatal

[28].

In 1994, health ministers in the Americas committed to

eliminating measles from the Western Hemisphere [29], using a

triple pincer vaccination strategy consisting of a one-time ‘‘catch-

up’’ campaign targeting children 9 months through 14 years of age

(to interrupt wild-virus circulation), strengthened services to ‘‘keep-

up’’ routine measles vaccination in infants, and ‘‘follow-up’’

campaigns to maintain immunity in the preschool age group.

Indigenous transmission was interrupted by 2003, despite repeated

importations of measles from Europe and Japan [29].

Since 2000, considerable progress has been made worldwide in

diminishing mortality from measles through immunization

campaigns, particularly in sub-Saharan Africa [30]. When high

coverage is achieved, campaigns eliminate measles virus from the

community and indirectly protect young infants by diminishing

the force of infection. During field research in Togo in 2004 [31],

a national campaign to administer measles vaccine to all children

9–59 months of age was coupled with giving oral polio vaccine

(OPV), an oral antihelminthic, and insecticide-treated bednets;

.90% vaccination coverage was achieved. However, in some

African countries repetitive mass campaigns are proving difficult to

sustain and measles mortality in young children remains

problematic [32].

Research that helped interrupt transmission of measles in the

Western Hemisphere and to diminish measles mortality in Africa

includes studies of measles transmission in different populations,

improved diagnostic tests and sero-epidemiologic methods,

molecular finger printing to determine the geographic origin and

relatedness of measles virus isolates [33,34], and improved

methods of immunizing against measles using existing vaccines

[35]. Other research focuses on developing new vaccines to

immunize high-risk target groups (e.g., very young infants) who

cannot be effectively immunized with currently licensed measles

vaccines [36].

Lesson 2. The Reservoirs of Infection and Degree
and Specificity of Clinical Expression Influence
the Eradication Program

A feature common to smallpox, poliomyelitis, measles, and

Plasmodium falciparum and Plasmodium vivax malaria is that humans

constitute the sole reservoir of these pathogens; one need not

worry about animal or environmental reservoirs as sources of

reintroduction into human populations.

Smallpox
The discovery of human monkeypox exemplifies the impor-

tance of research to confirm the absence of a nonhuman reservoir

for diseases targeted for eradication, including malaria. The

monkeypox exanthem in humans resembles smallpox, albeit with

milder clinical symptoms and lower fatality rates. Accordingly,

during and after smallpox eradication in Africa there was concern

about the possible persistence of this orthopoxvirus virus in natural

settings [37]. Epidemiologic and laboratory research on monkey-

pox in enzootic areas of Africa [38–40] confirmed that it did not

spread easily in human populations and posed only a small threat

for becoming an endemic human illness [39,40], even though

some localized foci have been identified [37]. Recent reports of

human infections with the nonhuman primate parasite Plasmodium

knowlesi [41], raise concerns that, in certain ecologies, P. knowlesi

may increase in humans as P. falciparum disappears.

Polio
Smallpox and measles have ,100% clinical expression in

immunocompetent persons and asymptomatic chronic infections

do not occur. By contrast, many asymptomatic or mild cases of

poliovirus, P. falciparum, and P. vivax infection occur for every

clinical case. Early epidemiologic field research of polio identified

,150 infections that did not progress to paralysis for each case of

AFP [42]. Moreover, persons with B-cell immunodeficiencies can

chronically excrete vaccine polioviruses. These hidden reservoirs

make polio and malaria eradication fundamentally more difficult

than smallpox. Improved diagnostic tests are needed to identify

persons infected with polio and malaria, as cases become less

common.

Measles
Akin to the clinical confusion of measles with rubella and other

febrile exanthemata, clinical P. falciparum and P. vivax infections are

easily confused with many other febrile disorders. In another

parallel, immunocompromised individuals with measles giant cell

pneumonia may shed virus without having a rash and malaria-

immune individuals may have parasites in their blood in the

absence of clinical symptoms and may act as infectious source for

the mosquito vector. The most vexing issue in malaria elimina-

tion/eradication is P. vivax hypnozoites, a form of the parasite

resident in the liver that creates persistent (for years), silent

infection that is nonresponsive to standard treatment for clinical

malaria. The only current drug effective against P. vivax

hypnozoites is the 8-aminoquinoline primaquine.

To summarize, the lesson learned here is that malaria

eradication will be facilitated by improved diagnostics that can

detect mild and asymptomatic blood infections and that can

identify asymptomatic persons harboring P. vivax hypnozoites. A

corollary lesson is that high priority should be placed on

developing new, well-tolerated drugs to treat persons with latent
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P. vivax infection, particularly individuals genetically deficient in

glucose 6-phosphate 1-dehydrogenase (who develop hemolytic

anemia when treated with primaquine). malERA’s concept of

developing a Single Encounter Radical Cure and Prophylaxis

(‘‘SERCaP’’) drug, if successful, would accomplish that.

Lesson 3. The Critical Role of Surveillance

A theme common to the smallpox, polio, and measles

eradication/elimination programs is the critical role that surveil-

lance has played in every phase, including quantification of the

burden at the onset of the program; monitoring progress of the

program at local, national, and global levels; intensive searches for

the last cases and infected persons; and documentation of the

interruption of transmission. The critical role of surveillance

necessitated research to develop new epidemiologic surveillance

systems for all three diseases and, for measles and polio, sero-

epidemiologic methods, tests to identify asymptomatic carriers,

and molecular methods to establish the geographic source and

relatedness of isolates from outbreaks and clusters over different

time periods. This lesson is directly applicable to the Malaria

Eradication Program, which will need to assure that adequate

surveillance methods and techniques are in place to monitor the

effectiveness of the program.

Smallpox
The magnitude of the smallpox problem was largely unknown in

1959, despite the International Health Regulation that all smallpox

cases be reported. Finding and controlling outbreaks quickly was

essential for the containment strategy. Accordingly, within each

country, all health care facilities were asked to provide a weekly report

about smallpox cases. Every 3 weeks, international surveillance

reports were prepared and widely distributed that charted progress by

country, informed new findings through research, and recommended

changes in strategy. These reports and special national reports

developed by some countries were invaluable in rapidly informing all

concerned about progress in the program and in conveying new

discoveries and new directions for the program.

Another aspect of smallpox eradication that might be relevant

to the malaria elimination/eradication program is the rigorous

program of certification of absence of smallpox that began in the

1970s and that was intensified until the WHA confirmed global

eradication in 1980. Tens of thousands of specimens from persons

with ‘‘fever and rash’’ were collected with well-publicized rewards

being offered to persons reporting any patient with confirmed

smallpox.

Polio
Pathogens other than polioviruses also cause AFP. A measure of

the quality of polio surveillance is the adequacy of detection of

AFP cases and the proportion of cases from whom stool specimens

are obtained for virological analysis. Moreover, paralytic polio

cases represent only the tip of the epidemiologic iceberg. Thus,

polio shares with malaria the attribute that many persons

harbouring infection will be clinically unsuspected. In the context

of eradication, all infected individuals are epidemiologically

important [43]. Consequently, malERA has rightly given high

priority to the development of improved tests to detect clinically

typical, mild and asymptomatic Plasmodium infections and to assess

the extent of transmission.

Measles
Measles outbreaks must be detected and curtailed to limit

transmission following importations. For outbreak detection,

specific, practical, and rapid measles diagnostic tests are needed.

Research developed such tests and the strategies to use them.

Serum specimens and either urine or nasopharyngeal samples are

obtained from suspect measles cases and, as appropriate, from

contacts [44]. The serum is tested for measles-specific immuno-

globulin M (IgM) antibodies indicative of acute infection. A

noninvasive alternative involves collecting oral fluid [45]. Measles

virus in urine or nasopharyngeal specimens is detected by culture

or reverse transcriptase PCR. Unfortunately, these tests are not

suitable for point-of-care diagnosis. A simple, rapid, inexpensive,

sensitive, and specific point-of-care diagnostic for measles will

facilitate eradication efforts. Similarly, malERA has identified the

need for a sensitive, specific, and inexpensive diagnostic test

amenable to use in the field.

Lesson 4. Molecular Epidemiology

Research fostered by the viral disease eradication/elimination

programs has shown how molecular tools add precision to

surveillance. The molecular epidemiologic evaluation of plasmo-

dial parasites will be similarly helpful, particularly in the later

stages of a Malaria Eradication Program; research in this area

should be encouraged.

Smallpox
Genetic analysis of isolates of orthopoxviruses from patients and

animals has shown the important differences among smallpox

viruses (Variola major and V. minor), monkeypox, and vaccinia that

are useful for surveillance [46,47].

Polio
Partial genomic sequencing of all wild poliovirus isolates is

undertaken to determine genetic relatedness. Each 1% difference

between two isolates correlates with approximately 1 year of

undetected circulation between the specific chains of transmission.

A difference of .1.5% suggests undetected past transmission,

thereby identifying inefficient surveillance systems. In addition,

timely genome sequencing and construction of phylogenic trees

make it possible to assess eradication progress through genetic

cluster elimination, to identify human reservoirs, to differentiate

indigenous from imported viruses, to identify surveillance gaps

(through isolates without recent parental strains), and to identify

vaccine-derived polioviruses and quantify their period of circula-

tion [20,48].

Measles
Genotyping of measles viruses allows identification of the

geographic origin of imported viruses/cases and provides a means

of tracking epidemiologic relationships among cases in the same or

separate outbreaks [33,34].

Lesson 5. The Pivotal Role of Vaccines as a Tool
for Disease Eradication

The eradication of smallpox and of type 2 poliovirus infection

globally, and the elimination of polio and measles from various

regions and countries was achieved using vaccines as the primary

intervention tool. As malaria transmission diminishes, other

interventions (e.g., vector control, insecticide-impregnated bed-

nets, new drugs, etc.) will surely play critical roles, but the lesson

from the viral disease programs is that vaccines that interrupt

transmission could play a critical role in helping to eradicate

malaria.
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Smallpox
Until the 1960s, smallpox vaccine was typically a liquid product

of suboptimal potency, readily inactivated by heat within a few

days. Industrial process research developed a method for

producing heat-stable, freeze-dried smallpox vaccine [4] that

could withstand temperatures of 37uC for at least 1 month. With

technical assistance from industrialized countries, .80% of

lyophilized smallpox vaccine of acceptable quality was being

manufactured in developing countries within 6 years of the

eradication program starting. Having smallpox vaccine that did

not require refrigeration was of immeasurable practical impor-

tance in the field [11].

At the onset of the eradication program, age-old, traditional

techniques of scratching or pressing the vaccine into the skin

frequently failed to immunize. New vaccination techniques were

introduced that permitted more rapid and effective inoculations.

Jet injectors were perfected and field tested that could vaccinate

hundreds of people per hour. By 1971, the injectors were

superseded by a simple two-pronged (bifurcated) needle [49].

WHO tested these needles for a unique multiple-puncture

vaccination technique. Successful vaccination responses ap-

proached 100%, less vaccine was required for each vaccination,

instruction in vaccination required only ,15 minutes, and the

needles could be sterilized and reused repeatedly. In Africa and

Asia, with a good working rapport with villagers and their leaders,

a vaccinator with bifurcated needles could average 500 vaccina-

tions per day. To measure vaccination coverage and vaccine

‘‘take’’ rates (vesicle or early crusting lesion on the skin 1 week

after vaccination), a sample survey of villagers was routinely

checked [50].

The impact of the bifurcated needle in improving the logistics of

smallpox vaccination was immense. A possible analogous situation

for malaria eradication may arise with the need to identify

practical ways to deliver the promising attenuated sporozoite

vaccines that are under development [51–53].

Smallpox field research may also provide lessons for malaria

eradication efforts. For example, smallpox outbreak containment

teams that were deployed to the field to determine how smallpox

outbreaks spread and to vaccinate contacts and neighbours of

patients discovered that smallpox did not spread as rapidly and

widely as textbooks described. Chains of smallpox transmission

could be broken in most areas by the surveillance-containment

approach, and this approach was soon given priority over mass

vaccination. Similarly, field research showed that smallpox vaccine

protection lasted at least 10 years, not 3–5 years as traditionally

thought. Recent research on immunologic memory has established

the basis for the long-lived protection [54].

Polio
Research in the 1950s created two polio vaccines—an oral

approach based on three live attenuated poliovirus strains

(originally administered sequentially but subsequently licensed as

a trivalent formulation) [43], and an intramuscular vaccine

consisting of three formalin-inactivated polioviruses. Although

both vaccines drastically diminished polio cases in industrialized

countries, tOPV was selected as the lynchpin of the GPEI, being

less expensive and easier to administer. Failure to achieve the goal

of polio eradication by 2000 was attributed to inadequate

vaccination coverage and research recommendations were pri-

marily operational in nature. However, it has since become

apparent that there are major gaps in our understanding of

immune mechanisms. Current research priorities include the

development of surrogate measures of mucosal immunity and

interventions to boost and prolong immunity, and the determina-

tion of the relationship between waning immunity and virus

circulation. Research is also addressing the observation that tOPV

in infants appears to be less immunogenic in some areas in India

than elsewhere [55–58].

Recognizing that type 2 polio has been eradicated since 1999

but that type 1 and 3 disease continues, an accelerated

collaborative research and development effort undertaken with

industry resulted in the licensure and use of monovalent type 1 and

3 vaccines and a novel bivalent (types 1 and 3) OPV formulation

[23,59]. Deleting the more immunogenic and dominant type 2

virus that interferes with responses to the type 1 and 3 viruses

allows enhanced serological responses to types 1 and 3. The

bivalent vaccine has now become the preferred tool in supple-

mental immunization campaigns.

Measles
Cell culture propagation of measles virus in 1954 was followed

by development of the first generation of parenteral live measles

vaccines, which were protective but associated with unacceptably

high rates of febrile reactions. Further research yielded the current

well-tolerated vaccines. Inactivated measles-virus vaccines had also

been licensed in 1963 based on safety, immunogenicity, and short-

term efficacy data [60]. However, immunity was short-lived;

postlicensure surveillance revealed that some vaccine recipients

developed a syndrome of atypical measles when subsequently

exposed to wild measles virus [61,62]. Accordingly, inactivated

measles vaccine use was discontinued by 1967.

The fall in measles cases following introduction of the first

generation measles vaccine in the United States in 1963 prompted

epidemiologists to predict that measles could be eliminated

country-wide by 1967, if vaccine could be administered routinely

to infants and to susceptibles at school entry and if surveillance and

epidemic control could be strengthened [63]. Although measles

incidence fell by .90% by 1967, it took 26 more years until

indigenous transmission was interrupted in the United States. This

achievement required a routine second dose of vaccine before

school entry and a reduction in imported infections consequent to

enhanced measles control elsewhere [64].

By 1999, most measles deaths were occurring among children in

the Indian sub-continent and sub-Saharan Africa, despite

recommendations that measles vaccine should be given routinely

to infants ,9 months of age. A notable proportion of these measles

deaths clustered among young infants during their ‘‘window of

vulnerability’’ (approximately 4–9 months of age) [65], when

falling titres of maternally derived measles antibodies no longer

protect against disease but nevertheless interfere with successful

immunization. Reports that immunogenicity could be enhanced in

infants ,6 months of age by administering high-titre vaccine

generated optimism that a solution to protecting young infants

might be at hand [66]. However, this approach was soon

abandoned when long-term follow-up revealed unexplained

increased mortality in female children [67].

Three new research efforts are addressing ways to protect young

infants in developing countries, to provide adjunct tools for

measles elimination [68]. The first involves repetitive follow-up

mass immunization of children with the existing vaccines to

indirectly protect young infants [30]. The second involves clinical

trials to allow licensed vaccine to be administered to the

respiratory tract by small particle aerosol, thereby making mass

immunization simpler and safer [35]; clinical research has shown

that vaccine delivered to the nasal mucosa by large droplet spray is

ineffective [69]. The third research effort has resulted in

development of a candidate measles DNA vaccine encoding the

hemagglutinin (H) antigen of measles virus [36].

PLoS Medicine | www.plosmedicine.org 6 January 2011 | Volume 8 | Issue 1 | e100040596



Lesson 6. Modes of Transmission and Modeling

Smallpox and measles viruses are transmitted by the respiratory

route (droplets/aerosol), while polio is mainly transmitted by the

fecal-oral route in developing countries. Although modeling

played no role in smallpox eradication, it has been extremely

useful in the GPEI as a valuable epidemiologic research tool, for

addressing economic issues, and for providing insight into future

programmatic options [25]. Modeling research is currently

addressing the risks of virulent vaccine-derived poliovirus that

may be chronically shed by immunodeficient individuals and from

circulating vaccine-derived poliovirus, after OPV is withdrawn

posteradication [70]. Similarly, measles was one of the first

infectious diseases studied with models, and models are now being

used to elucidate better the epidemiologic behaviour of measles

and predict the effect of interventions [71,72]. Although the ability

to generalize from models is debated [73], there is consensus that

the quality of input data is steadily improving, even as the

epidemiology of measles is changing globally.

Malaria, spread by female Anopheles mosquitoes, has a more

complex transmission than these viral infections, which allows

transmission to be decreased by targeting to control the vector or

vector-host contact, as well as by changing susceptibility of the

human host. Modeling is therefore particularly important to

predict the effect of various interventions used independently and

in unison on the transmission of malaria. It can also identify ways

to minimize and delay parasite resistance to drugs [74] and should

be an integral part of any malaria elimination/eradication

program, as recognized by malERA.

Lesson 7. Sociological, Anthropological, Cultural,
and Religious Issues

Another lesson for malaria from the viral eradication/

elimination programs is the important role that socio-cultural,

religious, and local political factors play in public perception of the

disease and of the main intervention tools of the eradication

program; these factors can accelerate or impede eradication

efforts. It is prudent to support research on these issues and on

improving ways to communicate effectively with local populations.

In this area of research, one size does not fit all.

Smallpox
Smallpox was a severe, commonly lethal infection that often left

survivors scarred and occasionally blind. Thus, in most endemic

areas smallpox was recognized and feared by the population.

Aversion to vaccination was not, therefore, a major impediment

during the Smallpox Eradication Program.

Polio
As paralytic polio (a relatively rare disease) diminished in

incidence and became less of a threat, it became increasingly

difficult to motivate populations to continue support for eradica-

tion activities. The GPEI and public health authorities worldwide

became concerned by events in Nigeria in 2003–2004 that set

polio eradication back there and in much of Africa. In late 2003,

several states in northern Nigeria refused to participate in national

mass immunization campaigns. Religious and political leaders in

three states counseled parents against having their children

immunized, preaching that the vaccine was contaminated with

antifertility hormones, HIV, and cancer-inducing agents [75].

Only after a Nigerian team (including members from the affected

states) visited a manufacturer of OPV in Indonesia, a Muslim

country, did the state governments accept that OPV was safe [75].

Confidence was restored and progress in polio eradication has

since been achieved in Nigeria and elsewhere in Africa [76]. The

lesson here is that evidence-based communication strategies must

be carefully planned and implemented to overcome resistance to

vaccination that originates from socio-cultural or religious beliefs

[24,77].

Measles
A potential barrier to global eradication of measles is the poor

measles vaccine coverage in many industrialized countries (in

Europe and Japan) where strong antivaccine movements specif-

ically target the measles vaccine. Without supporting scientific

evidence, these antivaccine groups indict measles vaccine as a

cause of autism and other chronic disorders. Continuing measles

transmission in such industrialized countries maintains a reservoir

that imperils elimination efforts in other countries. Further

research in communications, anthropology, and sociology must

be undertaken to find ways to counteract the antivaccine

propaganda and increase the acceptance of measles vaccine.

Lesson 8. The Concept of ‘‘The Last Kilometre’’

A cross-cutting theme among the smallpox, polio, and measles

eradication/elimination programs is that interruption of the last

vestiges of transmission in a country or region is problematic and

requires the allocation of as many resources as the early stages that

achieved a 90%–99% reduction in incidence. Therefore, inter-

ventions often need to be modified, sometimes drastically, to

complete the job of elimination.

Similarly, in the future, the final stages of the Malaria

Eradication Program will likely confront barriers as complex,

demanding, and refractory as ones encountered early in the

program. Some will be resolvable only through directed, focused

research. Thus, the rejuvenated Malaria Eradication Program

should support a flexible research infrastructure that can adapt to

the challenges.

Lesson 9. Posteradication Agendas

The final lesson learned from the viral disease eradication

programs is that discussion of posteradication scenarios, problems,

and potential solutions must begin at the onset of the programs.

Focused research can find early solutions for some posteradication

issues. In the case of smallpox, affirmation of the eradication of

smallpox was followed by a discontinuation of routine vaccination

globally. The only way that smallpox disease can occur anew is if

nefarious individuals with access to virus undertake a deliberate

bioterror release. In the case of polio, however, since 2005, GPEI

has been grappling with posteradication questions of use of OPV,

the quandary of vaccine-derived poliovirus persistence, laboratory

destruction and containment of poliovirus stocks, surveillance

needs, vaccine compositions, and response strategies. These

questions have become the drivers of a research agenda [78].

For measles, the major posteradication dilemma will be whether to

continue routine immunization with the live measles vaccine.

Given that in some industrialized countries, certain groups in the

population view measles vaccine with more suspicion than the wild

virus, it might be necessary to develop and utilize an alternative

nonliving type of measles vaccine [36].

Concluding Comments

Nine cross cutting lessons have been provided by these three

vaccine-dependent eradication and elimination programs of viral

diseases in which research was integral to guide program activities.
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These lessons will be useful to the revitalized Malaria Eradication

Initiative. Research played a critical role in the Smallpox

Eradication Program and is still contributing critically to the

GPEI and measles elimination and mortality control programs.

Despite having tools for primary prevention, considerable research

has been essential to address geographic variations in the force of

transmission of smallpox, polio, and measles and to adjust the

tactical use of the preventive tools.

The ecology and epidemiology of malaria are far more complex

than the ecology and epidemiology of these viral infections. Thus,

if a global Malaria Eradication Initiative is revived, from the outset

the Malaria Eradication Research Agenda should be incorporated

as an essential component. Malaria eradication proponents should

understand the importance of combining operational and research

issues. Over time in successful elimination initiatives, the best

researchers will see their ideas implemented and the best

implementers will continue to ask what research could further

improve operations.
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