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Abstract. Prevalence and levels of antibodies to multiple Plasmodium falciparum antigens show promise as tools for
estimatingmalaria exposure. In ahighlandareaofKenyawithunstable transmission,weassessed thepresenceand levels
of antibodies to 12 pre-erythrocytic and blood-stageP. falciparum antigens bymultiplex cytometric bead assay or ELISA
in 604 individuals in August 2007, with follow-up testing in this cohort in April 2008, April 2009, and May 2010. Four
hundred individuals were tested at all four time points. During this period, the only substantial malaria incidence oc-
curred from April to August 2009. Antibody prevalence in adults was high at all time points (> 70%) for apical membrane
antigen 1, erythrocyte-binding antigen 175, erythrocyte-binding protein-2, glutamate rich protein (GLURP)-R2,merozoite
surface protein (MSP) 1 (19), MSP-1 (42), and liver-stage antigen-1; moderate (30–70%) for GLURP-R0, MSP-3, and
thrombospondin-related adhesive protein; and low (< 30%) for SE and circumsporozoite protein (CSP). Changes in
community-wide malaria exposure were best reflected in decreasing antibody levels overtime for highly immunogenic
antigens, and in antibody seroprevalence overtime for the less-immunogenic antigens. Over the 3 years, antibody levels
to all antigens except CSP and schizont extract (SE) decreased in an age-dependent manner. Prevalence and levels of
antibodies to all antigens except CSP andSE increasedwith age. Increases in antibody prevalence and levels toCSP and
SE coincided with increases in community-wide malaria incidence. Antibody levels to multiple P. falciparum antigens
decrease in the absence of consistent transmission. Multiplex assays that assess both the presence and level of anti-
bodies tomultiple pre-erythrocytic and blood-stageP. falciparum antigensmay provide themost useful estimates of past
and recent malaria transmission in areas of unstable transmission and could be useful tools in malaria control and
elimination campaigns.

INTRODUCTION

Malaria remains a major cause of death and illness with an
estimated 3.3 billion people at risk of infection and an esti-
mated 219 million cases reported globally.1 There is a rec-
ognized need for an accurate picture of malaria incidence
overtimeandspace to support elimination.2 Trackingantibody
concentration and reactivity to Plasmodium falciparum anti-
gens is an attractive option for monitoring P. falciparum
malaria transmission and elimination to inform decision-
making in public health.3–11 In an earlier study, we assessed
antibodies to multiple pre-erythrocytic and blood-stage
P. falciparum antigens in 1,000 individuals over a 14-month
periodof very lowmalaria transmission in the highlandareasof
Kipsamoite and Kapsisiywa, Kenya.8 We showed that half-
lives of antibody seropositivity varied by age, antigen, and
time since last P. falciparum exposure and that by assessing
antibodies to multiple antigens, estimates of long-term and
recent exposure could be obtained.
Mathematical models have frequently been used to bridge

the gap between immunological theory and population-level
data on malaria infection and immune responses. Models
using serological survey data have been used in a number of

infectious diseases.12–19 Serological and parasitological data
in conjunction with mathematical models have been used to
provide estimates of malaria transmission dynamics and ep-
idemiological patterns overtime.20–23 It is important to validate
model predictions against appropriate well-characterized
epidemiological cohorts with at least one serological survey.
Here, we expand on our earlier study8 by using two different

models to analyze antibody changes overtime and assessing
data collected over multiple time points. The models are ap-
plied todataonantibodies tomultipleP. falciparum antigens in
a cohort of 604 individuals living in the same highland area
over a period of 33 months, to obtain new estimates of anti-
body half-lives over a longer time period. In addition, we de-
scribe the effects of increased malaria exposure on antibody
concentration anddeterminewhether assessmentof antibody
levels, in addition to seropositivity, provides additional in-
formation about past and recentmalaria transmission in areas
of low and unstable transmission.

MATERIALS AND METHODS

Study site, cohort enrollment, and surveillance for clin-
ical malaria. A cohort of 604 individuals from Kapsisiywa and
Kipsamoite, highland areas of Kenya with low and unstable
transmission, were randomly selected from a total population
of ∼8,000 individuals for active surveillance of malaria epi-
sodes starting in July 2007 and continuing throughMay 2010.
A computer-generated algorithm randomly selected house-
holds from a demography database, comprising a total of 700
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individuals. Individuals in these householdswere requested to
participate in the study, and the households agreeing to par-
ticipate were included until a total of approximately 600 indi-
viduals were reached (active cohort). The main rainy season
typically occurs between March and June, with an occasional
second rainy season in October–November. Trained village
health workers conducted weekly active surveillance to
monitor for malaria symptoms among participants. Partici-
pants with malaria symptoms (fever, chills, headache, or se-
vere malaise) were referred to the local dispensary for further
evaluation and treatment. Clinical malaria was defined as mi-
croscopy testing positive for any human Plasmodium species
in the presence of symptoms consistent with malaria.24 Indi-
viduals with microscopy positive malaria were treated with
artemether–lumefantrine, according to Kenya Ministry of
Health guidelines. Concurrent passive surveillance formalaria
was carried out for all other consenting individuals living in the
area, who were included in yearly demography surveys, and
these individuals were requested to go to the health center if
they had any symptoms consistent with malaria. There they
were evaluated and treated in the same way as individuals in
the active cohort.
Ethical approval for the study was obtained from Kenya

Medical Research Institute National Ethical Review Commit-
tee and the Institutional Review Boards for Human Studies at
the University of Minnesota. Informed consent was obtained
from study individuals or, in the case of minors, from their
parents or guardians.
Microscopy and polymerase chain reaction (PCR) test-

ing for Plasmodium species infection. Microscopy testing
for the presence of Plasmodium species was performed by
Giemsa-stained thick and thin peripheral blood smears.
Smears were examined independently by two microscopists,
with a third reading performed for slides with discordant re-
sults.25 Nested PCR testing for P. falciparum infection was
performed on filter paper blood spot samples as previously
described.26,27 In brief,P. falciparumPCRwas performedwith
nest-one (genus-specific primers) and nest-two primers
(species-specific primers). The merozoite surface protein
(MSP)-2 PCRs were performed using two sets of primers that
detected twomajor allelic families, FC27 and ICI for the MSP-
25, and scored positive for P. falciparum if there was a PCR
product for both FC27 and ICI or for anyone of these alleles.
PreparationofP. falciparumcrudeschizont extract (SE).

Plasmodium falciparum–infected red blood cells of the 3D7
line (obtained from MR4) were maintained in vitro at pH 7.4 in
sealable flasks using human group O+ erythrocytes, at 3%
hematocrit, in RPMI–HEPES medium supplemented with
50 μg/mL hypoxanthine, 25 mM NaHCO3, 20 μg/mL genta-
micin, 5% (vol/vol) heat-inactivated pooled human sera from
donor residents in North America, and 0.3% Albumax II®)
(GibcoBRL,Grand Island,NY)maintained in an atmosphere of
1% O2, 4% CO2, and 95% N2 at 37�C. Cultures were syn-
chronized three times per week by resuspending culture pel-
lets in 5% D-sorbitol (Sigma, St. Louis, MO) in water to lyse
schizont-infected erythrocytes and vortexed for homogeni-
zation. The bicinchonic acid (BCA) assay was performed for
protein estimation, and the extract was frozen without cen-
trifugation at −80�C in working aliquots.
Testing for IgG antibodies to P. falciparum antigens.

Antibody responses to recombinant proteins of the
P. falciparum blood-stage antigens, such as apical membrane

antigen 1 (AMA1, FVO variant), erythrocyte-binding antigen
175 (EBA-175), erythrocyte-binding protein-2 (EBP-2), gluta-
mate richproteinR0andR2 (GLURP-R0and -R2),MSP-1 (19),
MSP-1 (42), and MSP-3 (FVO variants), and to the pre-
erythrocytic antigens, such as liver-stage antigen-1 (LSA-1)
and thrombospondin-related adhesive protein (TRAP), were
assessed by multiplex cytometric bead assay (CBA), as pre-
viously described,28 whereas antibodies to the NANP re-
peated peptide of circumsporozoite protein (CSP) and
heterogeneous crude P. falciparum SE were assessed by
ELISA, as previously described.29

Antibody levels were expressed in arbitrary units (AUs),
which were calculated by dividing the median fluorescence
intensity (MFI) (for CBA) or optical density (OD) (for ELISA) from
the test plasma sample by the mean MFI or OD plus 3 SDs from
plasma samples from North American individuals never ex-
posed to malaria. Arbitrary units are used to standardize an-
tibody values across plates. Values from nine nonexposed
individuals were run on each plate, and two duplicate positive
pooled controls fromadults’plasmasamples (n=30) living in a
highly malaria-endemic area were used to confirm standard
MFI or OD responses across plates from all time points (i.e., all
positive control values were required to be within 20% of the
mean value for all plates). An AU > 1.0 was considered sero-
positive.30 The distribution and correlations of measured an-
tibody levels are shown in Supplemental Figures 1 and 2.
Statistical model for reduction in antibody levels. We

assume that for a given antibody for person i, we have mea-
surements of antibody level Aij at times tj. We assume that
person i’s initial antibody levels (during the first collection,
August 2007) is described as an independent draw from a
normal distribution (N) with mean loge (α

0) and SD σα. Person
i’s rate of antibody decay on the log scale is assumed to be
described by a draw from a normal distribution with mean r0

and SD σr, which is drawn independently of other people’s
rates and of person i’s initial level. These assumptions imply a
mixed-effects linear regression model of the following form:

log
�
Aij

�
∼ log

�
α0�þ logðαiÞþ

�
r0 þ ri

�
t

þ εij logðαiÞ∼Nð0,ααÞri ∼Nð0,αiÞεij ∼Nð0,αmÞ (1)

Note that this method provides estimates of the duration of
the long-lived component of the antibody response, as
samples were not frequent enough to investigate short-term
antibody kinetics.22 We also investigate age-dependent
variation in antibody levels and antibody decay rates by fit-
ting a variant of the previous model with age incorporated as
a categorical variable. In particular, we assume three age
categories corresponding to the age groups 1–5 years (n =
91), 5–15 years (n=177), and>15 years (n=337). Episodes of
clinical malaria were detected in four individuals; antibody
measurements after clinical episodes were censored from
the analysis. Participants younger than 1 year were not in-
cluded because of the possible confounding effects of ma-
ternal antibodies.
Statistical model for reduction in proportion of antibody

seropositivity. Here, we consider how the seropositive pro-
portion of the sampled population changes between each
cross-sectional survey. We assume that the initial proportion
seropositive (in August 2007) is P0 and that seropositive in-
dividuals revert to seronegative at rate ρ per year. The model
assumes that individuals do not seroconvert. Data from the
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four individuals in the active surveillance who had clinical
malaria during the 33-month period were censored at the time
of their diagnosis. However, the population as a whole did
experience an increased incidence of clinical malaria from
April–August 2009 (Figure 1), and some individuals in the ac-
tive study cohort, particularly older individuals, may have had
asymptomatic seroconversion during this period, so the
model may not accurately reflect these changes. The sero-
prevalence at time tj years after the first sample at time t1 can
be modeled as follows:

Pj ¼P0e�ρðtj�t1Þ (2)

Let xij denote the serostatus of the individual i at time tj: se-
ropositive (xij = 1) or seronegative (xij = 0). With this model, the
likelihood function of the parameters P0 and ρ arising from the
data D is given by the following equation:

L
�
P0,ρjD�¼∏

i,j
Pxij
j

�
1�Pj

�ð1�xijÞ (3)

This model is fit to the data in a Bayesian analysis with vague
uniform priors, using Markov chain Monte Carlo (MCMC)
methods.

RESULTS

Study cohort characteristics and incidence of clinical
malaria. Blood samples were collected in August 2007 (n =
604), April 2008 (n = 533), April 2009 (n = 513), and May 2010
(n = 437). Four hundred individuals (66%) had blood samples
collected at all four visits. Reasons for not collecting samples
during follow-up visits included participants not being avail-
able at home during sample collection by either moving out of
the study area or declining further participation.

Table 1 summarizes the number of participants who had
samples collected at each time point, the age stratification of
those participants, and the presence of P. falciparum by mi-
croscopy or PCR. Age stratification did not differ overtime,
and only 0–0.4% of participants were asymptomatically par-
asitemic by blood smear or PCR at any of the four time points.
Malaria incidence had a substantial off-season peak from
January–March 2007 (total of 51 cases in the entire commu-
nity), and there were no clinical cases of malaria from April
2007–April 2008. From August 2007 to May 2010, there was
only one period in which there was substantially increased
malaria incidence (more thanonecase/1,000persons/month),
which was from April–August 2009 when a total of 52 cases
occurred (Figure 1).
Antibody seropositivity and level to P. falciparum anti-

gens differ by antigen and age. Three types of antigen im-
munogenicity were observed (Figure 2). The first type was
antibodies to highly immunogenic antigens (seroprevalence
> 70% for all four time points in adults) including antibodies to
the blood-stage antigens AMA-1, EBA-175, EBP-2, GLURP-
R2, MSP-1 (19), and MSP-1 (42), and the pre-erythrocytic
antigenLSA-1. The second typewasantibodies tomoderately
immunogenic antigens (seroprevalence 30–70% at all four
time points in adults) including the blood-stage antigens
GLURP-R0, MSP-3 and the pre-erythrocytic antigen TRAP.
The third typewasantibodies to poorly immunogenic antigens
(seroprevalence < 30% at all four time points) including the
blood-stage SE combination of antigens and the pre-
erythrocytic antigen CSP (Figure 2).
Antibody levels showed similar patterns as antibody sero-

prevalence: the most immunogenic had mean levels of anti-
bodies > 5 AU, moderately immunogenic antigens had mean
antibody levels in borderline of 1 AU, and poorly immunogenic
antigens SE and CSP had mean levels < 1 AU (Figure 3). An-
tibody levels to LSA-1were an exception, as levels were lower

FIGURE 1. Clinical malaria incidence overtime per 1,000 persons in Kipsamoite and Kapsisiywa, Kenya. A spike in malaria incidence occurred
between April 2009 and May 2010, a period within our blood collection time points and antibody testing.
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than those for other antigensclassifiedashighly immunogenic
(Figures 2 and 3). A strong age-dependent variation in anti-
body seroprevalence and levels was also observed, with older
individuals having higher antibody seropositivity and levels for
all antigens except CSP and SE (Figures 2 and 3).
With low-level malaria exposure, antibody seropositivity

and levels provide different information overtime, accord-
ing to antigen immunogenicity. Antibody seropositivity did
not differ significantly overtime formost immunogenic antigens
(AMA-1,EBA-175,GLURP-R2,MSP-1 [19], andMSP-1 [42]), as
shown by the relatively flat seroprevalence lines at all ages
(Figure 2) and the overlapping curves of seropositivity at all time
points (Supplemental Figure 3). By contrast, there were notable

decreases in antibody seropositivity overtime for the less-
immunogenic antigens (GLURP-R0, MSP-3, and TRAP) for all
ages. Antibody seropositivity to CSP showed a modest de-
crease overtime, whereas antibodies to SE did not change
overtime (Figure 2, Supplemental Figure 3).
Antibody levels had similar patterns of increasing levelswith

age (Figure 3),with theexception ofCSPandSE,whichdid not
show any increase of antibody levels with age (Supplemental
Figure 4). Antibody levels to all antigens except CSP and SE
decreased overtime, although decreases for the less-
immunogenic antigens GLURP-R0, MSP-3, and TRAP were
primarily in those younger than 15 years and were less pro-
nounced than thedecreases in seropositivity (Figures 2 and3).

TABLE 1
Samples collected, by age, and presence of P. falciparum, by microscopy or PCR, at each time point

Sample time N

N (%) by age

Microscopy positive, P. falciparum, N (%) PCR positive, P. falciparum, N (%)0–5 years 5–15 years > 15 years

August 2007 604 91 (15) 177 (29) 336 (56) 0 (0.0) 1 (0.2)
April 2008 533 79 (15) 162 (30) 292 (55) 1 (0.2) 0 (0.0)
April 2009 513 80 (16) 155 (30) 278 (54) 2 (0.4) 2 (0.4)
May 2010 437 73 (17) 138 (32) 226 (52) 0 (0.0) 0 (0.0)
PCR = polymerase chain reaction; P. falciparum = Plasmodium falciparum.

FIGURE 2. Waning of seroprevalence overtime. In 4 cross-sectional cohorts with repeatedly sampled individuals, seroprevalence to 12 Plas-
modium falciparum antigens reduced overtime. Points represent the proportion seropositive in three age-groups from each of the four cross
sections, with 95% CIs represented by vertical bars. Lines represent the fit of models of waning seroprevalence.
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Thus, antibody levels and seropositivity to different anti-
gens provided different kinds of information: antibody levels
were more sensitive to change overtime for highly immuno-
genic antigens, and antibody seropositivity rates were more
sensitive to change for less-immunogenic antigens. The two
least immunogenic antigens (CSP and SE) had no strong as-
sociationswith age or time, but seropositivity rates provided a
clearer signal of waning overtime for CSP.
Antibodies to CSP and SE in the overall population, and

antibodies to CSP, SE, andMSP-1 (19) in children younger
than 5 years, increased after a resurgence of malaria in-
cidence in 2009. We compared antibody seropositivity and
levels from the collections in April 2009 (just before the peak
malaria incidence period of April–August 2009) and in May
2010 (after the spike in malaria incidence) to determine which
antibodies best detected changes in incidence and whether
seropositivity or levels were most useful for detecting this
change. In the population as a whole, antibodies to the least
immunogenic antigens (CSP and SE) increased following the
period of increased malaria incidence during April–August
2009, whereas antibodies to themore-immunogenic antigens
did not increase (Table 2). However, in children younger than
< 5 years, antibody seropositivity and levels to CSP, SE, and

MSP-1 (19) increased significantly, and antibody seroposi-
tivity and levels to GLURP-R0, GLURP-R2, MSP-1 (42), and
TRAP also increased although not significantly (Supplemental
Table 1). The findings highlight the importance of antigen and
age in the acquisition, development, and persistence of anti-
bodies. In younger children, the lower proportions of anti-
bodies present, and the lower antibody levels for some
moderately and poorly immunogenic antigens, appear to
make them suitable for detection of an increase in malaria
exposure, but only in this age-group. Specific antigens were
also important because the same increase was not seen for
other highly immunogenic antigens (AMA-1 and EBA-175) in
children younger than 5 years. The results suggest that anti-
body levels and seroprevalence to SE are sensitive and spe-
cific for the detection of recent malaria infection or exposure.
Changes in antibody levels in individuals with clinical

malaria vary by antigen and are less robust than pop-
ulation serological responses. We also assessed changes
in antibody levels in the four individuals in the cohort with
known clinical malaria during the 33-month period to gain
further insight into the utility of antibodies to multiple anti-
gens as biomarkers of malaria exposure in individual persons
(Supplemental Figure 5). One person (P3) did not have

FIGURE 3. Waning of antibody levels overtime. In four cross-sectional cohorts with repeatedly sampled individuals, antibody levels to 12
Plasmodium falciparum antigens reduced overtime. Points represent the geometric mean antibody levels in three age groups from each of the four
cross sections, with 95% CIs represented by vertical bars. Lines represent the fit of mixed-effects linear regression models to the data.
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assessment of antibodies after the episode of clinical malaria.
Among the three others, a 38-year-old (P1) had increases in
antibody levels only to SE, an 8-year-old (P2) had increases in
antibody level to all antigens except, surprisingly,CSPandSE,
and a 35-year-old (P4) did not have substantial increases in
antibodies to any antigen despite two episodes of clinical
malaria. Although the data from the three individuals represent
a fraction of the studied cohort, the results suggest that anti-
body changes may provide some information on an individual
basis, particularly in children, but the high degree of variation
in individual response makes them most useful for evaluation
of population-wide changes.
Shorter half-lives by antibody levels and longer half-

lives by antibody seropositivity to P. falciparum antigens.
In an exponential decay pattern, the concentration of a bi-
ological substance decreases at a constant rate. The antibody
level and seropositivity half-lives were calculated for each
antigen, assessing changes from August 2007–May 2010
(Table 3). The antibody level half-life (the time to a 50% de-
crease in antibody levels) was similar for most antigens and
was generally shorter (range, 2.55–47.62 years) than sero-
positivity half-life (the time to a 50% decrease in propor-
tion seropositive) (range, 2.75–68.55 years) (Supplemental
Figure 6). Seropositivity half-life estimates were typically
longer than those reported previously, when two time points
(May 2007 and July 2008) were used, possibly because there
was essentially no malaria transmission between these time
points, whereas there was increased transmission from
April–August 2009 before the last sample collection for these
study participants. Supporting this contention, antibody se-
ropositivity half-lives calculated for the period from August
2007–April 2009 were closer to those previously calculated
(Supplemental Table 2). Consistent with the previous study,
antibody seropositivity half-lives increased with age (Supple-
mental Table 3).
For the poorly immunogenic antigens CSP and SE, the half-

life of antibody levels and half-life of seropositivity were esti-
mated to be substantially larger than for other antigens
(Table 3). Rather than representing a long-lived antibody

response that is maintained overtime, these estimates reflect
that mean antibody levels to these antigens are low, so sam-
ples with values just above or below the cutoff for seroposi-
tivity contribute to variability, and that these antibodies are
sensitive to changes in malaria incidence, and so were af-
fected in this analysis by the increase inmalaria incidence from
April–August 2009. The antibody level and seropositivity half-
lives were considerably shorter for CSP and SE if only data
from 2007 to 2009 were used (Supplemental Table 2). Some
individuals may also have had asymptomatic infections that
led to the CSP or SE level or seropositivity. Overall, the con-
cept of “antibody half-life” and calculation of this value was
less valuable than the categorization of antibodies by immu-
nogenicity, decrease by level or seropositivity overtime, and
increase with recent malaria exposure.

DISCUSSION

In the present study, we show that antibodies to multiple
P. falciparum antigens of differing immunogenicity can pro-
vide valuable information about long-term and recent malaria
exposure, that antibody levels and seropositivity provide dif-
ferent but complementary information, depending on antigen
immunogenicity and age, and that antibodies to CSP or SE in
the population as awhole, or antibodies toCSP, SE, orMSP-1
(19) in children younger than 5 years, may provide evidence of
recent malaria exposure. The study adds to past studies
showing the value of antibodies to multiple P. falciparum an-
tigens by studying changes in antibodies over an almost
3-year period, which allowed more accurate estimation of
antibody longevity and the effects of malaria exposure in a
population in an area of very low transmission. In combination
with information about protection from clinical malaria asso-
ciatedwith specific antibodies (GLURP-R0, GLURP-R2, CSP,
and LSA-1),31 the study findings provide further impetus for
the use ofmultiplex platforms assessing antibodies to provide
information about long-term and recent malaria exposure in a
population and potentially about age-specific risk of clinical
malaria in the population. It also demonstrates that antibody

TABLE 2
Changes in antibody seropositivity and levels between collections in April 2009 (before spike in malaria incidence) and May 2010 (after spike in
malaria incidence)

Antigen

Geometric mean antibody level (arbitrary unit) Proportion seropositive

April 2009 May 2010 P-value April 2009 May 2010 P-value

Strongly immunogenic
Apical membrane antigen 1 8.09 (6.52, 10.04) 6.26 (4.96, 7.90) 0.968 0.76 (0.72, 0.79) 0.73 (0.69, 0.77) 0.971
Erythrocyte-binding antigen 175 2.64 (2.07, 3.38) 2.19 (1.69, 2.83) 0.968 0.61 (0.56, 0.65) 0.57 (0.52, 0.62) 0.971
Erythrocyte-binding protein-2 1.40 (1.14, 1.72) 1.11 (0.90, 1.37) 0.968 0.50 (0.46, 0.54) 0.44 (0.39, 0.48) 0.971
GLURP-R2 2.96 (2.47, 3.54) 2.54 (2.10, 3.08) 0.968 0.68 (0.63, 0.72) 0.67 (0.62, 0.71) 0.971
Liver-stage antigen-1 1.43 (1.26, 1.62) 1.38 (1.21, 1.58) 0.968 0.59 (0.55, 0.63) 0.59 (0.54, 0.63) 0.971
MSP-1 (19) 11.34 (9.02, 14.25) 10.52 (8.39, 13.19) 0.968 0.75 (0.71, 0.78) 0.77 (0.72, 0.80) 0.852
MSP-1 (42) 8.29 (6.71, 10.24) 7.24 (5.78, 9.07) 0.968 0.76 (0.73, 0.80) 0.76 (0.72, 0.80) 0.971

Moderately immunogenic
GLURP-R0 0.45 (0.39, 0.52) 0.41 (0.35, 0.48) 0.968 0.31 (0.27, 0.35) 0.28 (0.24, 0.33) 0.971
MSP-3 0.56 (0.49, 0.64) 0.47 (0.41, 0.54) 0.968 0.35 (0.31, 0.39) 0.31 (0.27, 0.35) 0.971
Thrombospondin-related adhesive

protein
0.43 (0.38, 0.47) 0.48 (0.42, 0.55) 0.295 0.24 (0.20, 0.28) 0.29 (0.25, 0.34) 0.151

Poorly immunogenic
Circumsporozoite protein 0.46 (0.45, 0.48) 0.58 (0.55, 0.61) < 0.0001 0.05 (0.03, 0.07) 0.09 (0.07, 0.12) 0.056
Schizont extract 0.38 (0.38, 0.39) 0.64 (0.61, 0.66) < 0.0001 0.00 (0.00, 0.01) 0.18 (0.15, 0.22) < 0.0001
GLURP=Glutamate rich protein;MSP=Merozoite surface protein.P-values for antibody levels are calculatedusing a one-sided t-test for an increasebetweenApril 2009 andMay2010.P-values

for proportion seropositive are calculated using a one-sided two-proportions Z-test for an increase between April 2009 andMay 2010.P-values have been corrected for multiple hypothesis testing
using the Benjamini–Hochberg procedure. Note: this procedure does not allow adjusted P-values to take a value greater than the maximum unadjusted P-value.
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levels to blood-stage antigensdecrease consistently overtime
in the absence of continuedmalaria exposure, a phenomenon
that may contribute to population risk for malaria epidemics.
A recent review by Greenhouse et al.3 suggested the use of

standardized multiplex antibody testing to P. falciparum an-
tigens could be an important new tool in malaria control and
elimination efforts, by supplementing malaria surveillance in-
formation or, perhaps more importantly, where such in-
formation is not available, providing estimates of malaria
exposure. The present study supports this contention and
suggests that information on both less- and more-
immunogenic antigens and level and seropositivity could
provide optimal estimates. Assessments of seropositivity to
antigens such as CSP and SE that are less immunogenic but
more likely to increase with recent exposure, combined with
assessments of seropositivity and levels to highly immuno-
genic antigens such as AMA-1, MSP-1, and EBA-175, could
give the best estimation of malaria exposure overtime for both
long- and short-term exposure. This work demonstrates how
combiningmultiple serological models can be used to answer
critical questions in malaria epidemiology. Our results also
support an association between anti-CSP antibodies and re-
cent malaria exposure, consistent with some prior studies,32

suggesting antibodies to CSP may be particularly useful to
measure when assessing for recent exposure.
Because serological data integrate exposure overtime, they

have the potential to reveal changes in transmission (e.g.,
recent resurgence and subsidence).9,33,34 Cross-sectional
studies that include all ages might provide the most useful
information: because seropositivity and levels for most anti-
gens are highest in older individuals, and antibody seroposi-
tivity half-lives are shortest in children younger than 5 years,
information from all age groups might provide the best way to
estimate recency of exposure and long-term exposure in the
population. In addition, the study suggests that assessment of
changes in antibody seropositivity in children younger than 5
years may be a particularly useful way to determine recent
malaria exposure because antibodies to multiple antigens,
including CSP and SE and also some more immunogenic

antigens suchasMSP-1andTRAP, appeared to increaseafter
increased malaria incidence in this population. A hybrid ap-
proach where machine-learning tools combine these com-
plementary information streams may best allow for detection
of changes in malaria exposure.
Schizont extract poses a problem in that it is a soluble ex-

tract of blood-stage schizont antigens, and so not a purified or
recombinant antigen that can be reliably used across studies
with the same known composition and concentration. Vari-
ability in prevalence of antibodies to SE in different studies is
likely because of differences in transmission intensity and
because of formulation of SE and testing methods by ELISA.
In addition, because SE comprises multiple antigens, it likely
cannot be reproducibly used in a multiplex assay. A further
limitation is the potential for systematic differences between
the ELISA and multiplex assays, particularly given that the
least immunogenic antigens were measured using ELISA.
Future work will assess the comparability of Luminex and
ELISA testing for CSP, using recombinant CSP antigen.
However, the high utility of antibodies to SE for detection of
recent malaria exposure in our studies and others34,35 sug-
gests that either an alternate purified antigen with similar
characteristics should be identified or that a standardized
preparation of SE should be made to use across multiple
studies.
On an individual basis, an increase in antibody levels to

some or most P. falciparum antigens, in particular SE, was
seen in two of the three individuals in whom antibody testing
was obtained at a point after the clinical episode. The num-
ber of individuals with clinical malaria was too small to make
any firm conclusion on how reliable antibody assessment
after clinical malaria might be on an individual basis. Addi-
tional well-designed follow-up studies of individuals with
clinical malaria are needed to confirm changes in serologi-
cal responses to multiple P. falciparum antigens, similar to
those that have been undertaken in non-malaria–endemic
countries.36

In the same area, we have recently documented that over a
prolonged period of follow-up (up to 6 years), the combination

TABLE 3
Antibody level and seropositivity half-life estimates (changes in antibodies from August 2007–May 2010)

AUs Seropositivity

Antigen
Geometric mean AU in

August 2007 AU half-life (years)
Proportion seropositive

in August 2007 Seropositivity half-life (years)

Strongly immunogenic*
Apical membrane antigen 1 11.43 (9.51, 13.75) 3.71 (3.00, 4.85) 0.77 (0.75, 0.80) 49.75 (17.17, 1,099.96)
Erythrocyte-binding antigen 175 3.92 (3.19, 4.81) 3.79 (3.07, 4.98) 0.63 (0.60, 0.66) 24.54 (11.49, 226.94)
Erythrocyte-binding protein-2 2.29 (1.92, 2.74) 2.76 (2.39, 3.27) 0.56 (0.53, 0.59) 8.02 (5.33, 14.70)
GLURP-R2 4.53 (3.83, 5.34) 3.13 (2.67, 3.78) 0.72 (0.69, 0.75) 18.35 (10.97, 57.97)
Liver-stage antigen-1 1.84 (1.65, 2.06) 6.30 (4.88, 8.90) 0.65 (0.61, 0.68) 16.74 (9.19, 76.57)
MSP-1 (19) 21.00 (17.28, 25.53) 2.55 (2.19, 3.06) 0.82 (0.79, 0.84) 19.06 (11.58, 48.58)
MSP-1 (42) 12.54 (10.42, 15.10) 3.49 (2.87, 4.43) 0.79 (0.76, 0.81) 44.25 (18.93, 442.43)

Moderately immunogenic†
GLURPR0 0.68 (0.59, 0.77) 3.53 (2.98, 4.35) 0.39 (0.36, 0.42) 5.33 (3.61, 9.80)
MSP-3 0.80 (0.71, 0.90) 3.25 (2.83, 3.81) 0.43 (0.40, 0.46) 5.68 (3.94, 11.07)
Thrombospondin-related adhesive

protein
0.60 (0.54, 0.66) 5.55 (4.35, 7.69) 0.32 (0.29, 0.35) 8.35 (4.70, 37.32)

Poorly immunogenic‡
Circumsporozoite protein 0.56 (0.54, 0.58) 26.59 (14.39, 174.75) 0.12 (0.10, 0.15) 2.75 (1.72, 5.91)
Schizont extract 0.54 (0.52, 0.55) 47.62 (21.51, +inf) 0.07 (0.06, 0.08) 68.55 (14.66, 2,614.44)
AU = antibody level. GLURP = Glutamate rich protein; MSP = Merozoite surface protein. Estimates are shown with 95% CIs. +inf corresponds to no reduction in antibody levels.
* Seroprevalence in individuals older than 15 years, > 50% at all time points.
† Seroprevalence in individuals older than 15 years, > 30% but < 70% at all time points.
‡ Seroprevalence in individuals older than 15 years, < 30% at all time points.
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of antibodies to GLURP-R0, GLURP-R2, LSA-1, and CSP
were associated with protection from malaria.31 Whereas this
finding is specific to this area and may not apply to other areas
with differing transmission patterns, knowledge of antibody-
associated protection could allow for estimates of population-
level risk of clinical malaria, based on changes in antibody levels
to these antigens. Such models would be complex and would
need to take a number of additional factors into account but
could be very useful in considering follow-up and risk levels in
subnational malaria campaigns. For example, knowledge of the
much lower levels of GLURP-R0 and LSA-1 in children younger
than 15 years than in individuals older than 15 years in this study
might suggest a need for particular protection measures for
children, whether younger than 5 years or 5–15 years.
So how can we use the results to guide future studies

working towardmalaria elimination? The first andmost critical
need is for standardization of antibody testing, using standard
antigens, concentrations, and methods of testing and as-
sessment, as suggested in the recent commentary by
Greenhouse et al.3 on multiplex antibody testing for surveil-
lance. This is challenging, as each research group currently
uses their ownantigens andmethods, and standardizationwill
require agreement across groups on these components, and
central resources need to be adequately funded to supply
reagents and testing methods or to do the testing for multiple
groups. However, with agreement on the importance of such
standardization, a basic set of antigens and methodology
could be devised, and this would be a major step forward in
making this testing a practical tool formalaria surveillance.With
standardized testing and greater consistency, the multiplex
assay could be used in a number of ways: 1) to determine the
level of overall malaria exposure, recent and long-term, in
communities without active or accurate malaria surveillance
programs; 2) to assess geographic disparities in recent and
long-termmalaria exposure, to allow for targeted interventions;
3) to evaluate which areas and age-groups might be at highest
risk for clinical malaria during peak transmission periods, par-
ticularly if specific antibodies are associated in that area with
protection from clinical malaria; 4) to guide subnational malaria
eliminationcampaigns inall of theseareas, and toprovidepost-
elimination evaluation of exposure and potentially of area-wide
risk if malaria is reintroduced through vector or human travel.
In summary, the present study provides new evidence that

antibodies to multiple P. falciparum antigens of differing im-
munogenicity can be used to estimate long-term and recent
malaria exposure, that antibody levels and seropositivity
provide different but complementary information, depending
on antigen immunogenicity and age, and that antibodies to
TRAP,CSP, and especially SEmayprovide evidence of recent
exposure. The study findings provide data that support de-
velopment of a standardized multiplex assay of antibodies to
P. falciparum antigens that can ultimately be used in malaria
control and elimination efforts and in pre- andpost-elimination
malaria surveillance.
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