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Background. Tools that estimate recent and long-term malaria transmission in a population would be highly
useful for malaria elimination programs.

Methods. The prevalence of antibodies to 11 Plasmodium falciparum antigens was assessed by cytometric bead
assay or enzyme-linked immunosorbent assay in 1000 people in a highland area of Kenya over 14 months, during a
period of interrupted malaria transmission.

Results. Antibodies differed by antigen in acquisition with age: rapid (>80% antibody positive by age 20 years, 5
antigens), moderate (>40% positive by age 20 years, 3 antigens), or slow (<40% positive by age 20 years, 3 antigens).
Antibody seroreversion rates in the 14 months between samples decreased with age rapidly (7 antigens), slowly (3
antigens), or remained high at all ages (schizont extract). Estimated antibody half-lives in individuals >10 years of age
were long (40 to >80 years) for 5 antigens, moderate (5–20 years) for 3 antigens, and short (<1 year) for 3 antigens.

Conclusions. Antibodies to P. falciparum antigens in malaria-endemic areas vary by age, antigen, and time since
last exposure to P. falciparum. Multiplex P. falciparum antibody testing could provide estimates of long-term and
recent malaria transmission and potentially of a population’s susceptibility to future clinical malaria.
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Malaria remains a major cause of morbidity and death,
affecting more than 200 million people and causing
more than 660 000 deaths annually [1]. Malaria elimi-
nation is now a goal for many countries, but several
roadblocks exist for elimination campaigns, including
the lack of a rapid test to determine levels of recent
and long-term malaria transmission in a population.
A reliable test would allow for initial planning of

interventions and for a simple way to determine the
success of those interventions over time.

A recent study assessed immunoglobulin G (IgG) an-
tibodies to merozoite surface protein-119 (MSP-119) in
populations across a gradient of malaria transmission
intensity [2]. The study estimated a very long half-life
for antibodies to MSP-119, and models using antibodies
to MSP-119 were able to predict prior malaria transmis-
sion in the area. These findings demonstrated the prom-
ise of antibody testing to create a seroprofile that
allowed estimation of malaria transmission in the
area. Antibodies to apical membrane antigen-1
(AMA-1) were also tested in this study and subsequent
cross-sectional studies in other populations [3, 4] and
were found to saturate in a population earlier than
antibodies to MSP-119. Estimates in these studies were
obtained from a single collection, however, so the
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estimates could not be refined by assessing actual changes over
time in antibody prevalence and level, and antibody half-life
was estimated by assuming that it was the same for all ages.

The half-life of antibodies to a given Plasmodium falciparum
antigen may differ by age, and antibodies to different P. falcip-
arum antigens may also differ in longevity [5]. Testing for anti-
bodies to multiple antigens could therefore be a viable method
for estimating recent and past malaria transmission, providing
data that would be highly useful for malaria elimination cam-
paigns. Antibodies to several P. falciparum antigens have also
been correlated with protection from clinical malaria [6–11],
so a seroprofile of antibodies to multiple P. falciparum antigens
could potentially allow estimation of risk of clinical malaria in a
population if malaria transmission recurred.

A 1-year period of interrupted transmission in a highland
study site of Kenya provided an ideal opportunity to assess
the half-life of IgG antibodies to multiple P. falciparum antigens
in the absence of sustained transmission, using a newly devel-
oped cytometric bead assay.

MATERIALS AND METHODS

Study Site, Surveillance for Clinical Malaria, and Cohort
Enrollment
The study site was the highland areas of Kapsisiywa and Kipsa-
moite, North Nandi County, Kenya, areas with highly seasonal
P. falciparum malaria transmission. All individuals in the study
site (population approximately 8000) were surveyed by demog-
raphy and were requested to go the health center if they had any
symptoms consistent with malaria (fever, chills, headache, or
severe malaise). Clinical malaria was defined as microscopy test-
ing positive for any human Plasmodium species in the presence
of symptoms consistent with malaria.

Blood samples were collected after informed consent from a
cohort of 1697 randomly selected individuals at the study site in
May 2007 and July 2008 (an average of 14.3 months between
sample collections). One thousand of these individuals were
randomly selected for antibody testing.

Ethical approval for the study was obtained from the Kenya
Medical Research Institute National Ethical Review Committee
and the Institutional Review Board for Human Studies at the
University of Minnesota. Informed consent was obtained
from study individuals or, in the case of minors, from their par-
ent or guardian.

P. falciparum and Epstein-Barr Virus Recombinant and Peptide
Antigens
Recombinant proteins of the P. falciparum antigens apical
membrane antigen-1 (AMA-1, full-length ectodomain, 3D7
and FVO strains), erythrocyte-binding antigen-175 (EBA-175,
nonglycosylated region II), glutamate-rich protein (GLURP-
R0, conserved nonrepeat N-terminal region, amino acids 25–

514; R2, repeat C-terminal region, amino acids 705–1178,
both 3D7 strain), merozoite surface protein-1 (MSP-119,
E-KNG variant; MSP-142, 3D7, FUP and FVO strains), merozo-
ite surface protein-3 (MSP-3, C-terminus, FVO strain), and
liver-stage antigen-1 (LSA-1, C-terminal region, amino acids
1628 to 1909, 3D7 strain) were used for testing. Recombinant
AMA-1 and LSA-1 were expressed in Escherichia coli and pro-
vided by Sheetij Dutta and David Lanar, respectively, Walter
Reed Army Institute for Research. Recombinant MSP-142 and
MSP-3 were expressed in E. coli, and recombinant EBA-175 ex-
pressed in Pichia pastoris, provided by David Narum, National
Institutes of Health. Recombinant GLURP was expressed in E.
coli and provided by Michael Theisen, Statens Seruminstitut,
Copenhagen, Denmark. Recombinant MSP-119 was expressed
in Saccharomyces cerevisiae and provided by the Malaria Re-
search and Reference Reagent Resource Center (Manassas,
VA). For circumsporozoite protein (CSP), the (NANP)5 repeat
peptide was used. P. falciparum parasites from the 3D7 parasite
clone were cultured in the preparation of schizont extract (SE)
crude antigen used in enzyme-linked immunosorbent assays
(ELISAs) [12]. Epstein–Barr virus (EBV) viral capsid antigen
(VCA-p18) was provided by Jaap M. Middeldorp, Vrije
Universiteit Medical Center, Amsterdam, The Netherlands. Re-
combinant antigens were chosen based on their association with
prior malaria exposure or protection against clinical malaria in
prior studies. Antibodies to the FVO variant for AMA-1 and
MSP-142 are presented because antibodies to the 3D7 and
FVO variants of AMA-1 were strongly correlated (r > 0.96,
P < .0001), and antibodies to the 3D7, FUP, and FVO variants
of MSP-142 were likewise strongly correlated (all r > .94, all
P < .0001).

Microscopy and Polymerase Chain Reaction Testing for
Plasmodium Species Infection
Microscopy testing for Plasmodium species was performed by
Giemsa-stained thick and thin peripheral blood smears. Smears
were examined independently by 2 microscopists, with a third
reading performed for slides with discordant results [13]. Nest-
ed polymerase chain reaction (PCR) testing for P. falciparum
infection was performed on filter paper blood spot samples as
previously described [14, 15].

Testing for IgG Antibodies to P. falciparum Antigens or EBV
Viral Capsid Antigen
Serologic responses to all P. falciparum antigens except CSP,
schizont extract, and VCA-p18 were determined using a multi-
plex cytometric bead assay (CBA). Development and validation
of this assay was previously described in detail [16]. Briefly, mi-
crospheres were coupled to P. falciparum antigens. Recombi-
nant antigens were dissolved in 0.01 M phosphate-buffered
saline (PBS) to the following concentrations, found optimal in
previous studies [16]: 0.1 µg/mL (AMA-1, EBA-175, and
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GLURP-R2), 0.2 µg/mL (MSP-142), and 0.5 µg/mL (GLURP-
R0, MSP-119 and MSP-3). Coated beads were added to micro-
titer plates (MABVN 1250, Millipore Corporation, Billerica,
MA), incubated with plasma, and then washed. This reaction
was incubated with goat antihuman IgG (gamma-chain specif-
ic) F(ab`)2 fragment-R-phycoerythrin (Sigma P8047, St. Louis,
MO). The beads were analyzed on a Bioplex200 machine, and
the results expressed as median fluorescence intensity (MFI).
Antibodies to CSP, schizont extract, and VCA-p18 were tested
by ELISA as previously described [17]. For CBA and ELISA
testing, each testing plate contained plasma samples from
both time points, and MFI or optical density (OD) values of
wells with PBS alone were run on each plate and subtracted
from sample values. Duplicate testing was performed on 10%
of samples. Duplicate samples for all antigens correlated highly
(Spearman’s ρ > 0.87 for all, P < .0001), with a <10% coefficient
of variation for all.

Statistical Analysis
Antibody levels were expressed in arbitrary units (AUs), which
were calculated by dividing the MFI (for CBA) or OD (for
ELISA) from the test plasma sample by the mean MFI or OD
plus 3 SD from plasma samples from North American individ-
uals never exposed to malaria. Values from nonexposed individ-
uals were run on each plate. An AU > 1.0 was considered
seropositive [18].

To assess the pattern of antibody acquisition according to an-
tigen (Figure 1), subjects were sorted in order of age, divided
into 8 groups of 125 persons each, and the fraction seropositive
in each age group for each antigen was computed. The proba-
bility of seroreversion between the 2 blood samples (Figure 2)
was estimated as a function of age for a given antigen by select-
ing all persons seropositive at the first blood sample and apply-
ing logistic regression, with dependent variable seroreversion at
the second blood sample (yes/no) and predictor age (continu-
ous) at the first blood draw. We considered 2 logistic regres-
sions, one in which age entered linearly and one in which it
entered as a 3-degree-of-freedom natural spline. For each anti-
gen, we tested the spline fit versus the linear fit using the likeli-
hood ratio test; if P >.05, we report the fit with age entered
linearly, while if P≤ .05, we report the natural-spline fit.

Serum half-lives were estimated for each antigen and age
using the estimated probability of seroreversion at each age (de-
scribed above). To estimate seroreversion half-life of an antigen
for age a years, we computed the probability of seroreverting in
the interval from age a to age a + 14.3 months, the interval age
a + 14.3 months to age a + (2 × 14.3) months, and so forth, and
summed until reaching the earliest age at which the probability
of seroreversion exceeded 0.5. We then used linear interpolation
between the last 2 ages considered, with probabilities of seror-
eversion bracketing 0.5, to estimate the age at which the prob-
ability of seroreversion equals 0.5. If the probability of

seroreversion never exceeded 0.5, the half-life was set to 99
years. The confidence interval for an antigen was computed
by drawing 1000 bootstrap samples with replacement from
the subset of subjects who were seropositive at the first draw.
For each bootstrap sample, the logistic regression was refit
and the half-life estimated; the 95% confidence interval is the
2.5th and 97.5th percentiles of the 1000 bootstrapped estimates.

RESULTS

Study Cohort Characteristics and Incidence of Clinical Malaria
The study cohort had median age of 12.4 years, with ages rang-
ing from 0.3 years to 96.7 years. Forty-eight percent of individ-
uals were males. The typical seasonal pattern of malaria
incidence was interrupted fromMarch 2007 to April 2008, a pe-
riod when no cases of clinical malaria were detected in the en-
tire study site, likely due to spraying of >75% of households
from March–July 2007 with the indoor residual insecticide
lambda-cyhalothrin [19]. Between May 2007 and July 2008,
the times of the 2 sample collections, no episodes of clinical ma-
laria were recorded in any of the 1000 study participants tested
for antibodies to P. falciparum.

In May 2007, 3 persons (0.3%) had asymptomatic parasite-
mia by microscopy testing, and in July 2008, 3 different persons
(0.3%) had asymptomatic parasitemia by microscopy testing.
PCR testing of 400 randomly selected persons from the site doc-
umented 1 (0.2%), 1 (0.2%), 0, 0, and 4 (1%) infected persons in
May, August and November 2007 and April and July 2008,
respectively.

Antibodies Are Acquired Rapidly, Moderately, or Slowly With
Age, Depending on Antigen
In the study cohort as a whole, IgG antibodies to different an-
tigens varied in prevalence according to antigen in 2007 and
2008 (Figure 1A). The prevalence of IgG antibodies at different
ages differed according to antigen. Three general patterns of an-
tibody acquisition occurred with age: rapid (>80% seropositive
by 20 years of age: AMA-1, erythrocyte-binding antigen-175
[EBA-175], glutamate-rich protein [GLURP]-R2, MSP-119
and MSP-142, Figure 1A), moderate (>40% seropositive by 20
years of age, with further increases in seropositivity with greater
age: liver-stage antigen-1 [LSA-1], GLURP-R0, and merozoite
surface protein-3 [MSP-3], Figure 1B), and slow (<40% sero-
positive by 20 years of age, with modest increases in seroposi-
tivity with greater age: circumsporozoite protein [CSP],
schizont extract [SE], and thrombospondin-related adhesive
protein [TRAP], Figure 1C). For antibodies acquired rapidly,
differences in seroprevalence between 2007 and 2008 were
small (Figure 1A). For antibodies acquired at a moderate or
slow rate, seroprevalence was lower in 2008 (Figure 1B
and 1C). Decreases in seroprevalence in 2008 were most
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pronounced at older ages and for the antibodies acquired most
slowly (Figure 1C).

Seroreversion Rate Decreases With Age, but the Decrease
Varies by Antigen
In the cohort as a whole, 3 distinct patterns across ages
were noted in the proportion of individuals seroreverting
(changing from antibody positive to antibody negative) over
the 14-month period between 2007 and 2008. Antibodies
to 3 antigens (CSP, GLURP-R0, and TRAP) showed a slow,

linear decrease in seroreversion rate with age (Figure 2A).
Antibodies to SE showed no relationship to age, with
high rates of seroreversion (>80%) in all ages (Figure 2A). In
contrast, for antibodies to 7 antigens (AMA-1, EBA-175,
GLURP-R2, LSA-1, MSP-119, MSP-142, and MSP-3), a
high proportion of the youngest individuals seroreverted
over the 14-month period, but seroreversion diminished to
nearly zero by age 10 years (AMA-1, EBA-175, MSP-119,
MSP-142), 20 years (GLURP-R2, LSA-1), or older (MSP-3)
(Figure 2B).

Figure 1. Patterns of antibody acquisition to P. falciparum antigens in relation to age, in May 2007 (circles and solid lines) and July 2008 (triangles and
dashed lines) in a highland area of western Kenya. The 3 typical patterns of antibody acquisition are rapid (A), moderate (B), and slow (C ). Abbreviations:
AMA-1, apical membrane antigen-1; CSP, circumsporozoite protein; EBA-175, erythrocyte-binding antigen-175; GLURP-R0, glutamate-rich protein-R0;
GLURP-R2, glutamate-rich protein-R2; LSA-1, liver-stage antigen-1; MSP-119, merozoite surface protein-119; MSP-142, merozoite surface protein-142;
MSP-3, merozoite surface protein-3; SE, schizont extract; TRAP, thrombospondin-related adhesive protein.
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Antibody Half-life May Be Short, Intermediate, or Long,
Depending on Age and Antigen
Antibody half-life for each antigen was estimated for different
ages as described in the Methods section. Estimated antibody
half-life was low for young children for all antigens, but in-
creased to essentially a lifetime (>80 years) by age 10–15 years
for AMA-1, EBA-175, and MSP-119, to age 60 + years for

MSP-142 by age 10–15 years; and to 40 + years by age 25 years
for GLURP-R2 (Figure 3A). Antibody half-life increased with
age to intermediate length for LSA-1 (>10 years by age 50
years), GLURP-R0, and MSP-3 (>5 years by age 50 years) (Fig-
ure 3B). Antibody half-life did not increase with age for CSP, SE,
or TRAP, remaining <2 years even for adults ≥50 years of age
(Figure 3C).

Figure 2. Fraction seroreverting between the 2 blood samples (average 14.3 months between samples), by antigen and by age for each antigen. With
respect to age, 2 patterns are typical: not strongly differentiated by age (A), and strongly differentiated by age (B ), with very low fractions seroreverting after
age 10–20 years and much higher fractions seroreverting in young children. For all 4 antigens following pattern (A), age entered the logistic regression
linearly; for all 7 antigens following pattern (B ), age entered the logistic regression as a natural spline (see Methods). Abbreviations: AMA-1, apical mem-
brane antigen-1; CSP, circumsporozoite protein; EBA-175, erythrocyte-binding antigen-175; GLURP-R0, glutamate-rich protein-R0; GLURP-R2, glutamate-rich
protein-R2; LSA-1, liver-stage antigen-1; MSP-119, merozoite surface protein-119; MSP-142, merozoite surface protein-142; MSP-3, merozoite surface pro-
tein-3; SE, schizont extract; TRAP, thrombospondin-related adhesive protein.
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Antibody Levels to all P. falciparum Antigens But not
Epstein-Barr Virus Viral Capsid Antigen Decrease in the
Absence of Transmission

Antibody prevalence to many P. falciparum antigens was un-
changed after 14 months with no episodes of clinical malaria,
but antibody levels to all P. falciparum antigens decreased dur-
ing this period (Table 1). In contrast, antibody levels to an un-
related antigen, the EBV viral capsid antigen (VCA-p18), were
stable in all age groups over time (Table 1 and Supplementary

Tables 1–4). In children <5 years of age, antibody levels to all
P. falciparum antigens except EBA-175 and LSA-1 decreased
over time, but at this age, the median AUs were <1.0 for all an-
tigens, indicating that>50%childrenwereseronegativeat the time
of first testing (Supplementary Table 1). For age groups 5–14
and 15–40, antibodies to all P. falciparum antigens decreased
significantly (Supplementary Tables 2 and 3), while in individ-
uals >40 years, levels decreased for all P. falciparum antigens ex-
cept AMA-1, EBA-175, and MSP-142 (Supplementary Table 4).

Figure 3. Antibody half-lives to P. falciparum antigens according to age. The solid line is the estimated half-life for each age; dashed lines are upper and
lower 95% confidence limits. The vertical axis is 0–100 years for Panel A and 0–20 years for Panels B and C. The half-lives show 3 typical patterns: short
half-life for young children and long or very long half-life after age 10–20 years (A), short half-life for young children and half-life of 5–10 years for older
children and adults (B), and very short half-life for all ages (C ). Abbreviations: AMA-1, apical membrane antigen-1; CSP, circumsporozoite protein; EBA-175,
erythrocyte-binding antigen-175; GLURP-R0, glutamate-rich protein-R0; GLURP-R2, glutamate-rich protein-R2; LSA-1, liver-stage antigen-1; MSP-119, mer-
ozoite surface protein-119; MSP-142, merozoite surface protein-142; MSP-3, merozoite surface protein-3; SE, schizont extract; TRAP, thrombospondin-
related adhesive protein.
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DISCUSSION

Markers that indicate cumulative and recent malaria exposure
and potential risk of future clinical malaria in a population
would be valuable tools for malaria elimination programs.
The present study demonstrates that antibody half-lives to
P. falciparum antigens vary substantially by age and antigen
in the absence of exposure. Multiplex antibody testing may
therefore be a simple method to estimate recent and cumulative
P. falciparum exposure in a population, and could potentially be
used to predict risk of future clinical malaria in a population.

Figure 4 illustrates the potential of multiplex testing for as-
sessing malaria exposure using the example of antibodies to
AMA-1, CSP, and schizont extract in individuals of different
ages in a population. A population profile like that of Figure 4A,
in which only a small proportion of older people are seroposi-
tive to AMA-1, and none at any age are positive to CSP or SE,
suggests exposure to malaria in the distant past. The profile in
Figure 4B (most individuals >40 years old AMA-1 seropositive,
a smaller proportion of individuals 10–20 years old AMA-1
positive, a very small proportion of older individuals CSP pos-
itive, and none SE positive) suggests exposure to malaria in the
past 5–10 years. The profile in Figure 4C (high proportion of

individuals >10 years old AMA-1 positive, small proportion
CSP positive, very few SE positive), suggests a large decrease
in or possible interruption of transmission over the prior year
(Figure 4C). Finally, the profile in Figure 4D (high proportion
of individuals >10 years old AMA-1 positive, moderate propor-
tion of young children AMA-1 positive, moderate proportion of
all ages CSP and SE positive) suggests recent transmission (Fig-
ure 4D). Exposure estimates could be refined by including anti-
bodies to antigens with similar half-life patterns, reducing the
“noise” arising from sampling and measurement error, and by
assessing changes in antibody levels (rather than simply pres-
ence or absence of antibodies). Specifying such a method—
including choice of antigens to include, sample size, and age
distribution—would require significant additional analysis but
is straightforward in principle.

Prior population-based seroepidemiology studies have sug-
gested that antibodies to P. falciparum can act as serological
markers of malaria [2, 3, 20]. Drakeley et al [2] provided the
first population-based estimates of antibody half-lives, estimat-
ing that antibodies to MSP-119 have a long half-life (estimated at
>40 years) once acquired. This finding contrasted with studies
in Kenyan and Gambian children, which showed a short dura-
tion of persistence for IgG antibodies to MSP-119 [21] or mul-
tiple merozoite antigens [5]. The present study demonstrates
that the study differences in antibody half-life estimates for
MSP-119 reflect the effects of age and/or cumulative exposure
on antibody half-life. Studies from the 1970s in central Ameri-
ca, assessing antibodies to the whole parasite, showed similarly
that antibodies to P. falciparum varied with age and that anti-
bodies in young children were often short-lived (<6 months),
while antibodies in adults were longer-lasting [22, 23]. Testing
antibody levels to multiple P. falciparum antigens across
ages, as opposed to antibodies to the whole parasite, provides
a way to increase the precision and accuracy of malaria expo-
sure estimates, and using a multiplex method makes such
testing feasible for a large number of plasma or filter paper
samples [24].

Memory B cells require antigenic stimulation to proliferate
and differentiate into antibody-secreting cells [25, 26]. For this
reason, the antibodies seen in this population in 2008, after a 1-
year period of malaria interruption, likely reflect the activity of
long-lived plasma cells [27–30]. A number of mechanisms may
contribute to the differences seen in this study in the strength
and longevity of antibody responses to specific P. falciparum
antigens. These include differences in the type, number, and ac-
tivity of long-lived plasma cells or memory B cells [31–35], and
differences in antigen inoculum, immunogenicity of antigen,
antigen antibody affinity, location in which the antigen encoun-
ters immune cells, and antigen interaction with T-helper cells
[34]. The present study provides new information on variation
in antibody half-lives, but a better understanding of the mech-
anisms that lead to differences in antibody levels and longevity

Table 1. Antibody Levels to P. falciparum Antigens (n = 1000) and
Epstein Barr Virus VCA-p18 Antigen (n = 527) in a Highland Kenya
Study Cohort in 2007 and 2008

Antigen

Antibody Level Median (25th, 75th
Percentile)a

P ValuebMay 2007 July 2008

AMA-1 19.9 (1.4, 45.2) 15.4 (1.0, 43.2) <.0001

CSP 0.7 (0.5, 1.3) 0.5 (0.3, 1.0) <.0001
EBA-175 2.5 (0.4, 35.6) 1.5 (0.3, 35.2) <.0001

GLURP-R0 0.6 (0.2, 3.2) 0.5 (0.2, 1.9) <.0001

GLURP-R2 3.4 (0.4, 21.7) 2.7 (0.4, 14.1) <.0001
LSA-1 2.2 (0.7, 6.5) 1.7 (0.6, 4.9) <.0001

MSP-119 9.5 (0.5, 62.1) 6.3 (0.4, 50.6) <.0001

MSP-142 51.8 (2.7, 147.1) 39.6 (1.9, 136.7) <.0001
MSP-3 1.3 (0.4, 5.7) 0.9 (0.3, 3.7) <.0001

SE 0.7 (0.5, 1.3) 0.4 (0.2, 0.7) <.0001

TRAP 0.3 (0.2, 0.9) 0.2 (0.1, 0.6) <.0001
EBV VCA-p18 1.4 (0.7, 2.0) 1.4 (0.8, 2.1) .70

Abbreviations: AMA-1, apical membrane antigen-1; CSP, circumsporozoite
protein; EBA-175, erythrocyte-binding antigen-175; EBV VCA-p18, Epstein–
Barr virus viral capsid antigen; GLURP-R0, glutamate-rich protein-R0; GLURP-
R2, glutamate-rich protein-R2; LSA-1, liver-stage antigen-1; MSP-119,
merozoite surface protein-119; MSP-142, merozoite surface protein-142;
MSP-3, merozoite surface protein-3; SE, schizont extract; TRAP,
thrombospondin-related adhesive protein.
a Antibody levels are in arbitrary units (see Methods section) for P. falciparum
antigens and in optical density units for EBV VCA-p18.
b Wilcoxon paired signed–rank test.
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will be important in designing malaria vaccines that generate
long-lived, high-quality antibodies to P. falciparum antigens.

Numerous studies document the association between protec-
tion against clinical malaria and antibodies to specific P. falcip-
arum antigens, including several antigens included in the
present study [6, 7, 9, 11, 36]. Several studies also document
that antibodies to multiple antigens correlate better with protec-
tion from clinical malaria than antibodies to a single antigen,
and that the degree of protection may relate to antibody level
rather than presence or absence of antibody [8, 17, 37, 38]. A
multiplex assay incorporating the present study antigens and
antigens newly associated with protection [36, 39] therefore
has the potential to provide crude estimates of age-based risk

of clinical malaria in a population if exposed to malaria, allow-
ing for targeted interventions and assessment of the risk of a
malaria epidemic in that population.

For broader applicability of such an assay, testing of multiple
antigenic variants is needed to see if specific antibody responses
differs between sites with differing prevalence of antigenic var-
iants, and testing for optimal antigen concentration across sites
with varying transmission intensities may also be required. A
study across areas of differing transmission intensity would pro-
vide better information about the extent to which age versus ex-
posure plays a role in acquisition of specific antibody responses.
The utility of seroprevalence testing for the evaluation of malar-
ia exposure and prediction of risk of clinical malaria will be best

Figure 4. Examples of potential population seroprofiles of antibodies to the antigens AMA-1, CSP, and schizont extract. A, Seroprofile suggesting distant
exposure in the past. B, Seroprofile suggesting exposure in the past 5–10 years. C, Seroprofile suggesting a large decrease in or interruption of transmission
approximately 1 year before sampling. D, Seroprofile suggesting ongoing active transmission. Abbreviations: AMA-1, apical membrane antigen-1; CSP,
circumsporozoite protein; SE, schizont extract.
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measured in cohorts in which malaria exposure has been care-
fully measured over several years, including time before and
after the seroprevalence testing, and in cohorts that have a gra-
dient of transmission intensity.

Testing many samples at 2 time points separated by malaria
interruption allowed estimation of antibody half-lives in a con-
text-simulating elimination, which makes this study’s findings
particularly applicable to programs targeting elimination.
These findings may not be fully applicable to older children
and adults in areas of high transmission who experience inter-
ruption of transmission after years of prior exposure, as their
exposure can be >100-fold higher than that of our study partic-
ipants, and this may alter many factors that affect antibody
half-life, so additional studies across cohorts of differing trans-
mission intensity are required. Identifying antigens that
produce a seroprofile similar to schizont extract will be impor-
tant in moving forward with a single multiplex cytometric bead
assay, as it is unlikely that schizont extract can be successfully
conjugated for a cytometric bead assay, yet its unique seroprofile
strongly informed the study results.

In conclusion, the findings of the present study that antibody
half-lives to P. falciparum antigens vary substantially by age and
antigen in the absence of exposure provide a basis for multiplex
antibody testing as a simple method to estimate recent and cu-
mulative P. falciparum exposure in a population, and as a po-
tential method to estimate future risk of clinical malaria in a
population. Refining the assay with additional antigens and de-
veloping a standardized method of estimating exposure and risk
are the next steps that will allow this approach to be validated in
cohorts with known malaria exposure and incidence.
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