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Abstract.  Understanding the epidemiological features and metrics of malaria in endemic populations is a key com-
ponent to monitoring and quantifying the impact of current and past control efforts to inform future ones. The Interna-
tional Centers of Excellence for Malaria Research (ICEMR) has the opportunity to evaluate the impact of malaria
control interventions across endemic regions that differ in the dominant Plasmodium species, mosquito vector species,
resistance to antimalarial drugs and human genetic variants thought to confer protection from infection and clinical
manifestations of plasmodia infection. ICEMR programs are conducting field studies at multiple sites with the aim of
generating standardized surveillance data to improve the understanding of malaria transmission and to monitor and
evaluate the impact of interventions to inform malaria control and elimination programs. In addition, these epidemio-
logical studies provide a vast source of biological samples linked to clinical and environmental “meta-data” to support
translational studies of interactions between the parasite, human host, and mosquito vector. Importantly, epidemiologi-
cal studies at the ICEMR field sites are integrated with entomological studies, including the measurement of the ento-
mological inoculation rate, human biting index, and insecticide resistance, as well as studies of parasite genetic

diversity and antimalarial drug resistance.

INTRODUCTION

Understanding the epidemiological features and metrics of
malaria in endemic populations is a key component to moni-
toring and quantifying the impact of current and past control
efforts to reduce morbidity due to plasmodia infection to a
level that is acceptable from a public health perspective,
eliminate malaria by decreasing the reproduction number
(Rp) to a level at which transmission is not sustained by local
mosquito vectors in a defined geographic region, and ulti-
mately to eradicate malaria by irrevocably reducing the global
incidence of plasmodia infection to nil." Historically, the goal
of the Global Malaria Eradication Program (GMEP) initiated
by the World Health Organization (WHO) in 1955 was to
eliminate malaria in all endemic areas of the world with the
exception of Africa, where the goal was to control malaria.
Implementation of the major interventions available at the
time, specifically antimalarial drugs (primarily chloroquine) to
reduce infection prevalence in human populations and
dichlorodiphenyltrichloroethane (DDT) to shorten mosquito
vector viability, resulted in the elimination of Plasmodium
falciparum and P. vivax transmission in 37 countries where
these infections were endemic in 1950.> By the mid-1970s,
malaria was eliminated in 27 countries of Europe and North
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America.®> The remarkable success of the GMEP in these
areas was aligned with the improvement of the local public
health infrastructure, the commitment of financial and human
resources that were not realized until after the Second World
War, and sustained political commitment. In contrast, in many
other countries where preexisting transmission was high to
moderate, efforts at elimination were largely abandoned by
the late 1960s because of the unanticipated development of
parasite resistance to chloroquine and decreasing efficacy of
DDT against mosquito vectors.

The metrics used to monitor and evaluate changes in
malaria transmission at the time varied among, and even
within, regions and countries.* Indicators commonly used
for surveillance and monitoring included the prevalence of
blood stage infection determined by the microscopic exami-
nation of blood smears, the estimated number of deaths
attributed to malaria recorded by national or local health
authorities, and the incidence of clinical malaria. Aside from
infection diagnosed by microscopic inspection of blood smears,
the sensitivity and specificity of metrics based on death and
clinical manifestations attributable to plasmodia infection were
unclear, particularly, in the many areas where other causes
of acute febrile illness and anemia in children were common.
Meaningful analyses and comparison of progress toward elimi-
nation across different endemic regions with varying malaria
epidemiology was compromised given the lack of consensus
on the use of a standardized and validated set of metrics.

In the wake of the abandonment of the GMEP, the pre-
valence of infection and malaria-related deaths increased in
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Africa and other areas where transmission was sustained.
Because of the increasing number of children and pregnant
women in Africa who experienced malaria morbidity and
death during the past decades of the twentieth century, the
WHO created the Roll Back Malaria program.” Launched in
1998, the program was based primarily on the deployment of
artemisinin combination therapy (ACT), distribution of insec-
ticide-treated bed nets (ITNs) and to a lesser extent, indoor
residual spraying (IRS) of insecticide.® More recently, the
changing epidemiology of P. falciparum malaria in Africa was
assessed from 2000 to 2010, the time period over which these
interventions were implemented.” Using published and publi-
cally available data from throughout the region, spatial and
temporal trends of P falciparum infection were analyzed
among 2- to 10-year-old children (PRPf,_¢) as an indicator of
transmission. Downward trends in P. falciparum transmission
were noted in many areas. However, a major conclusion of
this comprehensive analysis was that 57% of African residents
continued to live in areas where transmission was moderate to
high in 2010.

What do these not-so-recent and recent reports of malaria
epidemiology mean in the context of the National Institutes
of Health International Centers of Excellence for Malaria
Research (ICEMR) effort, now in the fourth year since its
inception? The ICEMR program was created in a new era
with a goal that goes beyond malaria “control,” an era in
which eradication has been put back on the table as an
achievable goal that might benefit the generation of children
born in endemic areas today.® Knowledge of the cell biology,
genetics, genomics, and biochemistry of the parasite, particu-
larly in the case of P. falciparum but less in P. vivax (the other
major Plasmodium species important to human health), has
advanced remarkably over the past several decades. Equally
important, point-of-care diagnostic tests for blood stage infec-
tion (i.e., rapid diagnostic tests [RDTs]) and highly sensitive
polymerase chain reaction assays that detect low-density
blood stage infections that may sustain transmission of infec-
tion from humans to mosquitos’ are widely used. In addition,
antimalarial regimens such as ACTs and wide deployment of
ITNs appear to have reduced morbidity and allowed signifi-
cant progress toward elimination in low transmission settings
such as the Solomon Islands and Vanuatu.'” The ICEMR pro-
gram thus has the opportunity to evaluate the impact of these
and future interventions across endemic regions, which differ
in the dominant Plasmodium species, mosquito vector species,
resistance to antimalarial drugs, and human genetic variants
thought to confer protection from infection and clinical mani-
festations of malaria. These evaluations can be conducted in
greater depth than routinely done by national malaria control
programs, including detailed molecular analyses of parasites
and vectors and more sophisticated spatial analyses, albeit in
more limited geographical areas.

There now exist not only historically used metrics to moni-
tor and evaluate the impact of interventions to control and
eliminate malaria, such as infection and malaria attributable
disease prevalence and deaths, but also highly sensitive
molecular and genetic tools that reflect subtle changes in the
epidemiology and transmission dynamics of P. falciparum
and P, vivax (Table 1). For example, the impact of key inter-
ventions such as population coverage with (ITNs), IRS, and
case management can be mapped and tracked using newer
metrics such as the force of infection'! (the number of new

infections per person per unit time as determined by molecu-
lar genotyping to quantify exposure to new Plasmodium
clones over time) and seroconversion rate (calculated by
fitting a reverse catalytic model to age-specific prevalence of
antibody responses to a single or defined set of recombinant
malaria proteins expressed by various stage of the parasite
lifecycle). The following sections describe how the ICEMR
program represents a unique opportunity to compare the
validity and utility of these and other newly developed met-
rics of transmission intensity and clinically relevant indicators
that can be used in a standardized manner across the major
malaria-endemic areas of the world to evaluate and guide
malaria control and elimination strategies.

ICEMR FIELD STUDIES OF MALARIA
SURVEILLANCE, MONITORING, AND EVALUATION

Given the diverse and evolving nature of malaria transmis-
sion and its clinical manifestations, it is critical to generate
basic epidemiological information across a range of settings.
The ICEMR programs are uniquely positioned to capture
this shifting epidemiology in real time across the globe. All
ICEMR programs are conducting field studies at multiple
sites with the aim of generating surveillance data to improve
understanding of malaria transmission and to monitor and
evaluate the impact of interventions to inform malaria con-
trol and elimination programs. In addition, these epidemio-
logical studies provide a vast source of biological samples
linked to clinical and environmental “meta-data” to support
translational studies of interactions between the parasite,
human host, and mosquito vector. The basic types of epide-
miological studies being conducted by the ICEMR programs
are described, with a focus on methodological issues, types
of malaria indicators generated, and the strengths and weak-
ness of each study design (Table 2).

Health facility-based surveillance. ICEMR field activities
can be divided into four general categories: health facility-
based surveillance, cohort studies, cross-sectional surveys,
and entomological surveys. Health facility-based surveillance
provides an efficient means of collecting basic epidemiologi-
cal data on large numbers of patients presenting to health
centers. These data are generally part of a country’s routine
health management information systems and are one of the
main sources of data reported to the WHO and Roll Back
Malaria.'? Data collected from health facility-based surveil-
lance include the number of symptomatic patients with
suspected malaria, numbers of cases receiving a diagnostic
test, the number of confirmed malaria cases, and the number
of malaria deaths. Indicators used include the test positivity
rate (the proportion of patients with suspected malaria who
are tested for infection and test positive), malaria case inci-
dence (i.e., confirmed malaria cases per 1,000 persons per
year), and malaria mortality rate (inpatient malaria deaths
per 100,000 persons per year). The primary advantage of
health facility-based surveillance data is the relative ease of
collecting longitudinal data on a large number of patients at
different spatial scales, up to the national level. The primary
disadvantages of health facility-based data is that it is often
incomplete and of poor quality, limited by variation in
health-seeking behaviors, and fails to capture asymptomatic
and subpatent infections. Many patients may not present to
the formal health-care system and even when they do,
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diagnostic testing for malaria is often not performed or is inac-
curate. Indeed, malaria case detection rates captured through
health facility-based surveillance systems are lowest in coun-
tries with the highest estimated burden of malaria.'> Caution
should be taken in the interpretation of temporal trends in
malaria metrics derived from health facility-based surveillance
due to changes in health-seeking behavior; case definitions; the
utilization, methods (i.e., microscopy versus RDT), availability
and quality of laboratory diagnostic testing used; and the rates
and accuracy of reporting. All of the ICEMR programs are
conducting health facility-based surveillance at a range of out-
patient and inpatient facilities, usually in collaboration with
local governments. Advantages to some of these ICEMR-
affiliated facilities are that additional resources are being
applied to improve the quality and timeliness of data through
standardized approaches to diagnostic testing, quality control
measures, reliance on laboratory confirmed cases, and the use
of electronic records and short message service text messages.
Cohort studies. Cohort studies are generally considered
the gold standard for estimating the burden of malaria in a
defined population. These studies involve following a group
of study participants (ideally representative of the target
population of interest) over time with a combination of
active and passive surveillance activities to measure a variety
of malaria indicators. Common indicators include malaria
incidence, period prevalence of parasitemia and anemia, and
force of infection (definitions provided in Table 1). The pri-
mary advantages of cohort studies are the high quality and
breadth of data that can be generated. A well-conducted
cohort study has the ability to accurately capture all malaria
cases (both clinical and subclinical) and person-time at risk,
necessary requirements for estimating incidence measures
and temporal changes. Cohort studies can be used to esti-
mate the impact of population level interventions and are a
rich source of biological samples linked to a variety of other
“meta-data.” The primary disadvantages of cohort studies
are they are expensive and logistically challenging to con-
duct. In addition, data from cohorts may not be generalizable
due to their sampling frame, changes in the composition of
the cohort over time, and the fact that the cohort study itself
may influence outcomes (for example, the need to treat all
participants diagnosed with malaria and improved access to
medical care). In low transmission settings, the incidence of
malaria may be too low to justify the use of a cohort study
design. Historically, many high-quality cohort studies, such as
the Garki Project,”® were conducted in high transmission set-
tings with fewer focusing on malaria across a range of epide-
miological settings. The ICEMR programs are addressing this
gap by conducting cohort studies over extended periods in
numerous sites around the globe. These studies should pro-
vide a wealth of contemporary descriptive data, which will be
strengthened by efforts to standardize methodologies and
metrics, combine datasets, share biological samples for transla-
tional studies, and develop novel interactive data management
tools for exploring these rich and complex datasets.
Cross-sectional surveys. Cross-sectional surveys provide
another common source of data used for malaria surveil-
lance and monitoring and evaluation. Cross-sectional surveys
generally involve administration of a questionnaire and the
collection of blood samples from members of households
selected using probability sampling. Common indicators gen-
erated from cross-sectional surveys include coverage levels

of preventive interventions (ITNs and IRS), fever case man-
agement practices, health-seeking behaviors, health status
(under five mortality rate and anemia), and parasite preva-
lence for clinical and subclinical malaria (definitions pro-
vided in Table 1). Examples of national cross-sectional
surveys include Demographic Health Surveys and Malaria
Indicator Surveys. These data are commonly used by the
WHO and Roll Back Malaria as well for malaria risk map-
ping, such as that done by the Malaria Atlas Project.!*
Advantages of cross-sectional surveys are they are relatively
easy to do, provide a large amount of information, and are
generally representative of the population. However, they
are relatively expensive and not performed frequently. Dis-
advantages of cross-sectional surveys include limited ability
to capture data on malaria morbidity and monitor trends
over shorter periods or on a fine spatial scale. All of the
ICEMR programs are conducting cross-sectional surveys.
Most of these surveys are being conducted repeatedly in
defined geographic areas where other field activities are being
carried out concurrently, such as entomological surveys. These
approaches should improve our understanding of the relation-
ships between indicators derived from different study designs
and estimate the impact of changes in the coverage levels of
control interventions with clinically relevant indicators mea-
sured longitudinally.

Entomological surveys. Entomological surveys comprise a
broad range of methodologies aimed at generating data on
the mosquito vector and its interaction with the human host.
Methods commonly used to collect mosquitoes include human
landing catches, Centers for Disease Control and Prevention
light traps, pyrethrum spray catches, exit traps, household aspi-
ration, screen barriers, and Shannon traps. Collection methods
are based on the resting and biting behaviors of different
Anopheles species. Once mosquitoes are collected, a variety of
methods can be used for species identification, identifying
sources of blood meals, and determining if the mosquito is
infected with various stages of the malaria parasite. Commonly
used indicators of transmission intensity include the human bit-
ing rate, the sporozoite rate, and the entomological inoculation
rate (EIR). The advantages of entomological surveys are they
can provide a rich source of data and the only direct measures
of transmission. The primary disadvantage of entomological
surveys is the lack of standardization in methods used to col-
lect and interpret data, as well as the limitations of collection
methods to capture mosquitoes feeding outdoors or during the
day. Estimates of indicators derived from entomological sur-
veys may be limited by precision and accuracy and lack the
ability to discriminate small-scale spatial or temporal variabil-
ity. This is especially true in low transmission settings where it
may not be possible to collect sufficient numbers of mosqui-
toes or detect sporozoites. Entomology surveys are generally
not done outside of the research setting due to logistical chal-
lenges and the need for specialized equipment, training, and
expertise. All of the ICEMR programs are conducting some
variation of entomological surveys. The methods used vary
widely, largely because of differences in the local environ-
ments, characteristics of predominant vectors, and prior experi-
ence. Efforts are ongoing to standardize protocols, reagents,
and analytical methods across the ICEMR programs. Informa-
tion gained from these entomological surveys will fill a knowl-
edge gap and improve the quality of these data so critical to
improve our understanding of malaria transmission dynamics.
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KEY MALARIA METRICS AT ICEMR
RESEARCH SITES

All four major parasite species infecting humans are repre-
sented in the ICEMR research sites (Plasmodium knowlesii
is not a predominant parasite species at any ICEMR research
site) (Table 3, Figure 1). As expected, Plasmodium falciparum
is the predominant parasite species at the 13 ICEMR research
sites in Africa, with P, vivax and P. falciparum found through-
out ICEMR research sites in South America and Asia. All
four major parasite species are transmitted within ICEMR
research sites in Papua New Guinea and southeast Asia.

Malaria transmission intensity as measured by the annual
EIR varies widely across ICEMR research sites, ranging
from below one infectious bite per year at sites in southeast
Asia, Nadiad in India, Buenaventura in Colombia, Sullana in
Peru, and Choma District in Zambia to 310 infectious bites
per year in Tororo, Uganda (Table 3, Figure 2). These differ-
ences reflect variation in major vector species, abundance,
breeding habitats, and feeding behaviors as well as differ-
ences in the methods used to estimate EIR. Seasonal differ-
ences also determine malaria transmission intensity and vary
across ICEMR sites (Table 3, Figure 3). Both transmission
intensity and seasonal patterns determine the interventions
needed to achieve control or elimination. The parasite preva-
lence varies widely across ICEMR sites, from less than 1%
in regions moving toward elimination to as high as 60% in
Tororo, Uganda (Table 3, Figure 4).

The ICEMR field sites reflect the range of commonly
used malaria control interventions. Although the ICEMR
investigators are not engaged in implementing malaria con-
trol interventions, the ICEMR field sites provide a platform
to evaluate the effectiveness of current and future inter-
ventions implemented by national control programs. RDTs
and artemisinin combination therapies are used for case
management at many ICEMR sites. Malaria is confirmed

by microscopy at ICEMR sites in Latin America and India.
Intermittent presumptive treatment of malaria in pregnancy
is used at ICEMR sites in sub-Saharan Africa and the
southwest Pacific but not at sites in Latin America or India,
where the combination of chloroquine and primaquine is
used to treat disease due to P. vivax (with the exception of
pregnant women). Reactive case detection, in which indi-
viduals residing within a define radius of a symptomatic
index case are tested and treated for malaria, is conducted
by the national malaria control programs in low transmis-
sion settings at ICEMR sites in Mali, Zambia, and south-
east Asia that are moving toward elimination, as well as in
Colombia for urban malaria elimination. For vector control,
ITNs are distributed at almost all ICEMR sites but with
varying levels of coverage (Table 3), and IRS is used at
ICEMR sites in east and southern Africa and at some sites
in India, southeast Asia, and southwest Pacific (Table 3).

DISCUSSION

The epidemiology of malaria is heterogeneous and highly
focal, representing a diversity of parasites, vectors, seasonal
patterns, and transmission intensities.'® Strategies for control
and elimination must be adapted to the local epidemiological
and entomological conditions. The ICEMR research sites
represent this range of epidemiological diversity across trop-
ical and subtropical regions in four continents. Even at
smaller spatial scales, within countries, provinces and dis-
tricts, the epidemiology of malaria can be widely diverse, as
exemplified by ICEMR research sites in Uganda, Malawi,
and Zambia. Comparisons of the impact of malaria control
interventions across a range of epidemiological settings are
possible using standardized metrics for a given intervention
(such as coverage with insecticidal net distribution) and
simple or sophisticated measures of transmission intensity
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(such as force of infection). The range of epidemiological
settings encompass areas where P. vivax or P. falciparum
predominate or where mosquito vectors seek blood meals
indoors at night or outdoors during early evening. Impor-
tantly, epidemiological studies at the ICEMR field sites are
integrated with entomological studies, including measure-
ment of the EIR, human biting index, and insecticide resis-
tance, as well as studies of parasite genetic diversity and
antimalarial drug resistance. These integrated studies will
lead to more detailed and richer understandings of malaria
transmission dynamics across the range of epidemiological
settings than can be accomplished through studies of only

one of these domains. Furthermore, this platform provides
the framework for novel studies of malaria epidemiology,
including cross-ICEMR investigations of serological responses
to an array of parasite antigens and detailed studies of popula-
tion movement. Epidemiological studies at ICEMR sites will
provide a deeper understanding of why specific interventions
succeed or fail and will identify surveillance strategies that can
be incorporated into standard practice and are sensitive to
changes in key malaria indicators.
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