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Abstract

The study sites for the West African ICEMR are in three countries (The Gambia, Senegal, Mali)
and are located within 750 km of each other. In addition, the National Malaria Control
Programmes of these countries have virtually identical policies: 1] Artemisinin Combination
Therapies (ACTSs) for the treatment of symptomatic Plasmodium falciparum infection, 2] Long-
Lasting Insecticide-treated bed Nets (LLINS) to reduce the Entomololgic Inoculation Rate (EIR)
and 3] Sulfadoxine-Pyrimethamine for the Intermittent Preventive Treatment of malaria during
pregnancy (IPTp). However, the prevalence of P. falciparum malaria and the status of malaria
control vary markedly across the four sites with differences in the duration of the transmission
season (from 4-5 to 10-11 months), the intensity of transmission (with EIRs from unmeasurably
low to 4-5 per person per month), multiplicity of infection (from a mean of 1.0 to means of 2-5)
and the status of malaria control (from areas which have virtually no control to areas that are at the
threshold of malaria elimination). The most important priority is the need to obtain comparable
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data on the population-based prevalence, incidence and transmission of malaria before new
candidate interventions or combinations of interventions are introduced for malaria control.

Keywords

Artemisinin combination therapies; Long-lasting insecticide treated bed nets: Entomologic
inoculation rate; Intermittent preventive treatment of malaria during pregnancy; transmission
intensity; multiplicity of infection

1. Introduction

1.1 Overview of the History of Malaria and Malaria Control in sub-Saharan Africa

As evidenced by the overlapping distributions of Plasmodium falciparum malaria and the
sickle cell gene in sub-Saharan Africa (Figure 1; Wellems & Fairhurst, 2005), P. falciparum
has had a profound effect on the survival of Africans for millennia (Allison, 1954; Beet,
1946). In addition, beginning in the 19" century, malaria in Africa has exerted similar
effects on Europeans and other visitors (Shah, 2010). More recently (in the 1950s and
1960s), a “global” malaria eradication campaign supported by the World Health
Organization, the World Bank and others actually ignored malaria in sub-Saharan Africa
(Cohen, et al., 2010; Pampana, 1969). As a result, the focus of malaria control in sub-
Saharan Africa since that time has been to minimize morbidity (e.g., cerebral malaria, severe
malarial anemia) and mortality, but not to interrupt transmission (WHO, 2000). However,
current thinking about malaria control has recently been transformed by a substantial
increase in support and by data suggesting that it may possible to control malaria (i.e., to
reduce its prevalence by > 50% and interrupt transmission) using interventions available
today (Ceesay, et al., 2008). Thus, if effective malaria control can be achieved using
technology that is available now, the benefits of control and the opportunity for malaria
elimination may not need to be postponed 10-15 years or more for the development of a
safe and effective vaccine (Jongwutiwes, et al., 2010) or post-artemisinin antimalarials.

1.2 The Recent Global Commitment to Malaria Control and Elimination

Today, more resources than ever before are available for the control and potential
elimination of malaria (Roberts and Enserink, 2007) based on support from private
foundations (Gates Foundation, Malaria Foundation, Medicines for Malaria Venture,
Wellcome Trust, Burroughs-Wellcome Fund) (McCoy, et al., 2009), international programs
and agencies (Roll-Back Malaria, The Global Fund, President’s Malaria Initiative, World
Health Organization Special Programme for Research and Training in Tropical Diseases
[TDR] and the World Bank) and national programs: National Institutes of Health (including
the ICEMR Program), the Centers for Disease Control and Prevention (CDC) and the
President’s Malaria Initiative (PMI) in the U.S. and the Medical Research Council (MRC) in
the U.K.

1.3 The Conceptual Transition: moving from the Reduction of Morbidity and Mortality to
the Interruption of Transmission and Potential Elimination

Previous thinking about malaria control in Africa has focused on the prevention of life-
threatening illness and death — on reducing morbidity and mortality (Chuma, et al., 2009;
WHO, 2000). This is because reductions in morbidity and mortality can be achieved using
health center-based strategies to identify persons with symptomatic infections (who are at
the greatest risk of morbidity and mortality; especially children < 5 years of age and
pregnant women). In contrast, in order to interrupt transmission, the individuals of greatest
interest may be those with asymptomatic infections who are living in the community and
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infecting the anopheline mosquito pool while they remain parasitemic and asymptomatic
(which may be 6-8 months or longer; especially for children > 10 years of age and adults).
Although it will always be important to prevent morbidity and mortality by treating
individuals with symptomatic infections, when the programmatic objective changes from
reducing morbidity and mortality to the interruption of transmission and the potential
elimination of malaria (Feachem, et al., 2010 and 2008; Moonen, et al., 2010; Sabot, et al.,
2010; Tatem, et al., 2010a & 2010b; Greenwood, 2009; Hay, et al., 2008; Mendis, et al.,
2009; Aguas, et al, 2008; Mills, et al., 2008), the strategic priorities inevitably shift from
symptomatic to asymptomatic infection and from the clinic to the community.

1.4 The Potential for Malaria Control and Elimination

The previous malaria eradication campaign failed because resistance developed to the
strategies on which it was based: 1] treatment of bloodstream infection with chloroquine to
reduce the reservoir of human infection and 2] spraying residual insecticides such as DDT
under the eaves of houses to interruption transmission by killing the anopheline vector as it
rested after taking a blood meal (Cohen, et al., 2010; Pampana, 1969). Because resistance to
antimalarial drugs and insecticides remains a serious problem (Wongsrichanalai, et al.,
2002; Cortes, et al., 2003; Brown, 1958), there has been concern about whether it is feasible
or wise to propose a second campaign for global malaria control and elimination (Roberts
and Enserink, 2007). Although justifiable skepticism remains, the most important new
information in the past 5-10 years is a series of reports describing improvements in malaria
control using interventions that are available today such as insecticide (permethrin)-
impregnated bed nets and artemisinin-combination therapies (ACTs) (Feachem, et al., 2010;
O’Meara, et al., 2010; Greenwood, 2009; Mendis, et al., 2009; Aguas, et al., 2008; Ceesay,
et al., 2008; Nahlen & Low-Beer, 2007).

1.5 Policy Consensus on the Approach to Malaria Control

Based on these reports (Feachem, et al., 2010 and 2008; Moonen, et al., 2010; Sabot, et al.,
2010; Tatem, et al., 2010a & 2010b; Greenwood, 2009; Hay, et al., 2008; Mendis, et al.,
2009; Aguas, et al, 2008; Ceesay, et al., 2008; Mills, et al., 2008)), which often describe >
50% decreases in morbidity and mortality, most international and national malaria control
programmes now endorse the same three malaria control strategies (Table 1): 1] treatment of
symptomatic infection with ACTSs, 2] use of long-lasting insecticide (permethrin)-treated
bed nets (LLINS) and 3] intermittent preventive treatment during pregnancy (IPTp) with
sulfadoxine + pyrimethamine. However, because malaria control policies are virtually
identical across the countries of West Africa, an obvious question is why the results (the
levels of malaria control) are so different in countries that appear similar, are geographically
close and have essentially identical malaria control policies?

1.6 Rationale for Creation of the ICEMR Network

The National Institute of Allergy and Infectious Diseases (NIH) has supported basic
research on malaria for decades with less emphasis on field studies which have typically
involved CDC, USAID, NGOs and other international agencies (NIAID Malaria Research
Program, 2011). In contrast, the rationale for the ICEMR Network was to link basic and
applied studies of malaria by obtaining data on the epidemiology and transmission of
malaria at multiple field sites and using those data to identify: 1] the current obstacles to
malaria control and 2] the basic science questions that will need to be resolved in order to
eliminate the current obstacles to malaria control and its potential elimination.

As described in the original RFA (RFA-09-017), the roles of the individual ICEMRs are to
obtain and analyze those data, but not to perform prospective, controlled studies of
individual interventions or combinations of interventions. For that reason, these studies will
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require baseline data from each of the participating field sites before new interventions are
implemented in order to assess the effects of those interventions in subsequent years.
Likewise, the inclusion of sites with different intensities of transmission within each ICEMR
(as required by the RFA) will also pose major challenges in terms of interpreting the results
obtained.

In addition, in this case (the West African ICEMR), the essentially identical malaria control
policies in The Gambia, Senegal and Mali (Table 1) potentially provide an opportunity to
evaluate the impacts of differences in malaria endemicity (intensity of transmission) and
implementation on the outcomes of those policies.

2. Baseline Data on the Epidemiology and Transmission of Malaria in West
Africa (The Gambia, Senegal and Mali)

2.1 Geographic and Climatic Similarities and Differences

From the perspectives of geography and climate, the countries of greatest interest because of
their involvement in the West African ICEMR (The Gambia, Senegal, Mali) are contiguous
(Figure 2), have similar geography (lush regions in areas with high rainfall, savana regions
and arid sahelian regions with little or no rainfall), similar seasons (rainy season from July
or August to October or November) (Figure 3) and similar African populations (Bambara,
Fulani, Jola, Mandinka, Songhai, Wolof). As a result, the transmission, incidence and
prevalence of P. falciparum malaria vary seasonally in parallel across the four study sites
(October—November peaks in the rainy season; May-June low points at the end of the dry
season).

2.2 Epidemiologic and Transmission-based Differences among Study Sites

The prevalence of malaria and the intensity of transmission vary strikingly across these sites
despite similar seasonality (Table 2) and relatively short distances between them (< 750
km). Two of the three rural sites have a low prevalence of infection associated with the
microhabitat-based transmission observed commonly with Anopheles gambiae (Sogoba, et
al., 2007; Okech, et al., 2004). In contrast, the third rural site (Dioro in Mali, Figure 4) has
virtually year-round transmission (June—July to May) from a combination of seasonal
rainfall (June—July to October—November) and irrigation from the Niger River to grow rice
(flooding of an initial 8,000 hectares from August to December and a second 8,000 hectares
from January to May). Because these large expanses of stagnant water provide abundant
breeding sites, the human biting rates in such irrigated regions are high (Sogoba, et al.,
2007). As a result, the intensity of transmission (as estimated from the Entomologic
Inoculation Rate=EIR and the multiplicity of infection=MOQI) in areas such as Dioro are
higher than in areas with microhabitat-based transmission. The fourth site (an urban site at a
clinic in the city of Thies in Senegal) illustrates three of the unresolved issues related to
urban malaria at the beginning of a decade when urbanization is increasing, and at the end of
which > 50% of the African population is expected to be urban rather than rural: 1] large
numbers of persons seeking care for symptomatic P. falciparum infection, 2] limited data on
the prevalence of asymptomatic infection in the community, and 3] limited information on
breeding sites and the areas where transmission is occurring. In addition, these complexities
are exacerbated by urban referral patterns, which may inadvertently lead to higher
frequencies of drug-resistant parasites at urban referral centers than rural field sites.

2.3 Policies for Malaria Control and their Implementation

The increased support for malaria control now being provided by PMI, the U.S. Agency for
International Development, the Global Fund, the World Bank, Roll Back Malaria, World
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Health Organization, Gates Foundation, Wellcome Trust and other agencies offers an
unprecedented opportunity to develop and implement rational approaches to malaria control.
As a result, malaria control policies are now remarkably uniform across West Africa.
However, there may be less uniformity in the implementation of those policies. In addition,
with the resources now available, there is increasing interest in strategies with the potential
to improve malaria control and simultaneously address unresolved scientific questions
(especially questions related to the elimination of malaria).

2.4 Study Design and Data Analysis Challenges

Based on the need for effective antimalarial drugs the greatest concerns in West Africa
today are about the effectiveness of antimalarial treatment (ACTs) and bed nets (LLINS). To
address those questions, it will be necessary to perform comparative studies using one or
more malaria control regimens known to be effective and one or more alternative regimens.
In contrast to studies of investigational drugs, studies of public health interventions typically
involve regimens that have been FDA-, EMEA- or host country-approved and are therefore
not investigational. In terms of study design, non-inferiority study designs are often the most
appropriate.

In terms of study design, there is also a need for randomization to control for as yet
unknown variables with the potential to cause confounding. Although the randomization of
symptomatic subjects is relatively straightforward when they present individually (e.g., in
comparative studies of antimalarial treatment regimens), it may be considerably more
difficult (and can be close to impossible) in community-based studies of strategies such as
ITNs, LLINs or IRS. In those situations, it may be realistic (even necessary) to allocate
subjects within the same households or communities to the same preventive strategies.

3. Sahel: Effects of Combinations of Malaria Control Interventions

3.1 Community-based Study with pre- and post-Intervention Evaluations

Because large areas of land (8,000 hectares at a time) are flooded each year to grow rice in
the commune of Dioro near Segou in Mali (Figure 4), malaria transmission begins with the
annual rains in mid-June or early July (Figure 3) and continues for 10-11 months through
May of the following year. In order to examine the effects of three interventions on malaria,
a census was obtained and baseline malaria studies were performed in October 2006 in
collaboration with the Millennium Village Project. These studies were followed one month
later by the introduction of three interventions: 1] ACTs (artemether +
lumefantrine=Coartem) for the treatment of symptomatic P. falciparum infection, 2]
universal coverage with LLINs based on one net for every 1.8 individuals, and 3] IPTp with
sulfadoxine + pyrimethamine (Fansidar) during the second and third trimesters of
pregnancy. One year later (December 2007), the baseline studies of malaria infection,
disease and transmission performed in October 2006 were repeated to test for changes from
baseline which had persisted for > 12 months.

The results of this study demonstrated that interventions now available can reduce the
frequency of infection and disease in humans, and can simultaneously reduce transmission
from mosquitoes to humans (reduce the EIR). In comparison to other reports, the strength of
this study is that the same evaluations were performed one month before and one year after
the introduction of the control interventions — thus permitting one to infer a cause-and-effect
relationship between the introduction of these three interventions and subsequent reductions
in the prevalence, incidence and transmission of malaria.
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3.2 Intensity of Human Exposure to Mosquitoes with Year-round Irrigation and the Effects
of Intervention on the Entomologic Inoculation Rate

One of the inadvertent results of irrigation to grow rice on flooded land is the creation of
breeding sites for the mosquito vector, Anopheles gambiae (Figure 5). As a result, human
biting rates in regions with irrigation may reach 200-300 per person per night (Sogoba, et
al., 2007). In light of these biting rates, the results of the three control interventions in 2006—
2007 (virtual elimination of mosquitoes inside houses, > 40% reduction in the EIR) are
highly encouraging.

4. Savana: Microhabitat-based Rainy Season Transmission

4.1 Overview of Transmission and Morbidity of Malaria in Kenieroba, Mali

Kenieroba (70 km south of Bamako and 4-5 km from the Niger River in Mali) (Figure 6)
provides an example of microhabitat-based rainy season transmission by Anopheles
gambiae. Recent data from Diakité, Fairhurst and their colleagues in 2008 suggest that
annual attack rates for uncomplicated P. falciparum malaria are ~60% among children less
than 18 years of age in this community (773 slide-confirmed cases of uncomplicated P.
falciparum malaria among 1300 children within the 5 month transmission season from July
to November).

4.2 Natural Selection for Red Blood Cell Polymorphisms

Data obtained from Kenieroba during the past several years illustrate the continuing
selective pressure(s) exerted by P. falciparum malaria in West Africa. For example, 60% of
children < 10 years of age in the village of Kenieroba have one or more red blood cell
polymorphisms, that protect against malaria by inhibiting the invasion of the red blood cell
by the parasite or its replication and thus reduce the frequency of symptomatic
uncomplicated P. falciparum malaria in the population (Personal communication: RM
Fairhurst, CA Long).

4.3 Persistent Dry Season Transmission

In addition, recent studies by Sogoba, Doumbia and their colleagues have examined the
issue of persistent dry season transmission. At times when pyrethrum spray catches (PSCs)
and human landing rates have found no evidence of adult mosquitoes in Kenieroba, their
studies suggest there are previously undetected breeding sites along the banks of the Niger
River. If those breeding sites persist during the dry season, they may account for previously
unexplained dry season transmission (new human infections) in villages such as Kenieroba
at times when adult anopheline mosquitoes are rare or undetectable.

5. Riverine: Decreasing P. falciparum Infection in The Gambia

5.1 Decreases in Malaria Admissions, Deaths and Positive Thick Smears

From 1999 to 2007, there were significant decreases in the numbers of in-patient
admissions, deaths and positive thick smears reported from health centers and hospitals in
The Gambia (Ceesay et al., 2008; Figure 7). These data are striking; they suggest that
malaria control is feasible today in The Gambia and raise the possibility that malaria
elimination may be feasible in sub-Saharan Africa. However, multiple interventions and
changes have been introduced by the Gambian National Malaria Control Programme during
the past decade. As a result, it is difficult to attribute these decreases in human infection and
disease to any one intervention or combination of interventions.
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5.2 Recent Changes in Malaria Endemicity during the 2010 Transmission Season

With increased rains and flooding during the 2010 transmission season, there has been a
resurgence of malaria in The Gambia during the past year (Gambian National Malaria
Control Programme), which has likewise been observed — although not yet reported — in the
neighboring countries of Senegal and Mali.

5.3 The Need for Population-based Data

The decreases in malaria cases, deaths and positive smears in data from health centers and
hospitals in The Gambia (Figure 8) from 1999 to 2007 (Ceesay, et al., 2008) and recent
evidence for year-to-year variability highlight the need for population-based data on the
prevalence, incidence and transmission of malaria in order to monitor and evaluate the
effects of individual interventions and combinations of interventions over time. For this
reason, baseline studies of the prevalence, incidence and transmission of malaria are a
priority in order to obtain population-based data that can serve as a comparator for the
evaluation of candidate interventions in subsequent years.

6. Urban Malaria: the City of Thies in Senegal

6.1 The Increasing Importance of Urban Malaria in Sub-Saharan Africa

The consensus of demographers is that the urbanization already in progress across sub-
Saharan Africa will continue during the coming decade, such that > 50% of the population
will be urban by the end of 2020 (Keiser, et al., 2005). For this reason, we have included an
urban site in the city of Thies (which has ~400,000 inhabitants and is 70 km east of Dakar,
Figure 8) as a comparator for the rural site at Gambissara in The Gambia and the two rural
sites at Dioro and Kenieroba in Mali.

In contrast, the advantages of urban sites are that they provide access to larger populations
than can be followed prospectively in rural areas, and permit one to sample segments of the
population with greater access to proprietary antimalarial drugs and private medical care.
Conversely, the major disadvantage of urban sites is that they rely almost exclusively on
passive case detection (persons seeking help because they believe they may have malaria)
because of the larger populations, which make community-wide surveys for population-
based data more expensive.

6.2 Results of Preliminary Studies performed at the Thies Urban Site

During each of the past four years, an average of 2,-3,000 persons have been tested for P.
falciparum infection at the Thies urban site under the auspices of the University Cheikh
Anta Diop and the Ministry of Health. On average, 10-25% of the persons tested have been
positive by thick smear and have therefore been treated free of charge with an ACT
(Coartem [artemether + lumefantrine], Falcimon or Arsucam [artesunate + amodiaquine] or
Duocotexin [dihydroartemisinin + piperaquine]) based on the policies of the MOH, PMI and
the National Malaria Control Programme of Senegal.

6.3 Ex Vivo Testing of P. falciparum Isolates from Infected Subjects

In addition, during the past several years, Ndiaye and his colleagues have examined parasite
isolates from infected symptomatic subjects in Thies for their ability to replicate in vitro
using an assay based on a fluorescent dye [4-6-diamidino-2-phenylindole=DAPI] rather than
radioisotopes to measure nucleic acid synthesis (Ndiaye, et al., 2010). Those studies (Figure
9) indicate that isolates with high ICsgs for chloroquine and artemisinin are present among
infected subjects in this region of Senegal.
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7. Discussion and Conclusions

7.1 Ranges of Study Sites and Intervention Strategies

The three rural sites and one urban site we have identified represent a broad range of
environments (sahel, savanna, riverine and urban), human impact (from infection in a
majority of the population in Dioro to infection as an uncommon event in The Gambia),
transmission seasons (microhabitat-based transmission for 4-5 months per year to 10-11
months of transmission per year with irrigation) and malaria control (from limited control to
the threshold of elimination) (Table 2). In contrast, the malaria control policies that have
been established in The Gambia, Senegal and Mali by PMI and the three respective National
Malaria Control Programmes are virtually identical (ACTs, LLINs, IPTp) (Table 1).

7.2 The Relationship between Malaria Control Interventions and Outcomes

As noted above, the relationship between combinations of malaria control interventions and
outcomes in The Gambia, Senegal and Mali is unclear because of potentially confounding
differences across the four study sites and the region, and because policies that are identical
on paper may be substantially different in practice.

7.3 Potential Monitoring and Evaluation Strategies and Challenges

The strategies available for monitoring and evaluation are unlikely to include the
randomization of communities to different combinations of control interventions, and each
of the study sites will also change over time. In fact, even the timing of the malaria season
varies across the study sites because June and July are the start of the transmission season in
Dioro and Kenieroba, but not in Gambissara or Thies where transmission begins in August
and September.

Therefore, the only way to evaluate and interpret the effects of control interventions at the
different study sites is to obtain baseline data for use as comparators after the introduction of
new interventions in subsequent years. For this reason, the major initial goal is to obtain
baseline data on the epidemiology, human impact and transmission of malaria at the four
study sites during the first 1-2 years of support.
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Figure 1.
Distributions of Plasmodium falciparum and the HbS Allele in Sub-Saharan Africa
Reproduced with permission (TE Wellems & RM Fairhurst, 2005; Nat Genet).
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Figure 2.
Map of West Africa with ICEMR-Participating Countries
Reproduced with permission (Amy K. Bei)
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Figure 4.
Location of the Dioro (Segou) Irrigation Scheme in Mali
Reproduced with permission (Google.com).
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Figure 5.
Creation of Breeding Sites with Irrigation to Grow Rice
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Figure 6.
Village of Kenieroba on the Niger River 60 km south of Bamako in Mali

Reproduced with permission (Google.com).
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Figure 7.

Decreased Malaria in The Gambia, from 1999 to 2007

Reproduc

ed with permission (Ceesay et al., 2008; The Lancet).
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Reproduced with permission (GraphicMaps.com).
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Figure 9.
Plots of IC50 Values for Chloroquine and Artemisinin
Reproduced with permission (Ndiaye, et al., 2010; Am J Trop Med Hyqg).
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Table 1

Current Consensus Malaria Control Policies in West Africa

1

2]

3]

Artemsinin-combination treatments (ACTSs) for the treatment of persons with symptomatic uncomplicated Plasmodium falciparum
infection using either Coartem (artemether + lumefantrine; The Gambia, Senegal, Mali), Falcimon or Arsucam (artesunate + amodiaquine;
The Gambia, Senegal, Mali), or Duocotexin (dihydroartemisinin + piperaquine; Senegal),

Long-Lasting Insecticide-treated bed Nets (LLINS) to reduce the frequency of malaria transmission from the anopheline vector to humans
for pregnant women and their infants (Mali, Senegal) or the entire population (The Gambia),

Intermittent Preventive Treatment with pyrimethamine + sulfadoxine (Fansidar) during Pregnancy (IPTp) to reduce the frequency of
placental malaria and its consequences for the newborn by using therapeutic doses (75 mg pyrimethamine, 1500 mg sulfadoxine) of
Fansidar during both the second and third trimesters.
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