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Background. Associations between antibody responses to Plasmodium falciparum antigens and protection
against symptomatic malaria have been difficult to ascertain, in part because antibodies are potential markers of
both exposure to P. falciparum and protection against disease.

Methods.

We measured IgG responses to P. falciparum circumsporozoite protein, liver-stage antigen 1, apical-

membrane antigen 1 (AMA-1), and merozoite surface proteins (MSP) 1 and 3, in children in Kampala, Uganda, and
measured incidence of malaria before and after antibody measurement.

Results. Stronger responses to all 5 antigens were associated with an increased risk of clinical malaria (P < .01)
because of confounding with prior exposure to P. falciparum. However, with use of another assessment, risk of
clinical malaria once parasitemic, stronger responses to AMA-1, MSP-1, and MSP-3 were associated with protection
(odds ratios, 0.34, 0.36, and 0.31, respectively, per 10-fold increase; P < .01). Analyses assessing antibodies in
combination suggested that any protective effect of antibodies was overestimated by associations between individual

responses and protection.
Conclusions.

Using the risk of symptomatic malaria once parasitemic as an outcome may improve detection of

associations between immune responses and protection from disease. Immunoepidemiology studies designed to
detect mechanisms of immune protection should integrate prior exposure into the analysis and evaluate multiple

immune responses.

A major impediment to malaria vaccine development
has been a lack of understanding of which immunologic
responses are important in protection. Naturally ac-
quired antibodies to Plasmodium falciparum are known
to play a key role in immunity against malaria [1, 2].
However, it is still unclear which antibody responses are
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important in protection from disease despite a number
of immunoepidemiology studies that have attempted to
answer this question.

Multiple studies have measured antibody responses to
P. falciparum in individuals living in areas where malaria
is endemic and prospectively assessed associations be-
tween antibody responses and the subsequent risk of
malaria. However, associations between antibodies to
parasite antigens and the risk of malaria have been in-
consistent [3]. A limitation of this study design has been
that it does not take into account variation in P. falci-
parum transmission intensity [4], which has consistently
been observed to vary within a small geographical area
[5-14]. Individuals living in microenvironments with
greater transmission intensity may have a greater

breadth and magnitude of antibody responses, because
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of greater exposure to plasmodial antigens [12, 13], but clinical
benefits of these responses may be obscured by increased in-
cidence of disease resulting from increased exposure. A proposed
solution is to limit analysis to individuals with documented
exposure [4], but this does not account for varied degrees of
positive exposure. On the other hand, some measured anti-
bodies may not offer protection, but rather are only surrogates of
effective immune responses. These antibody responses may be
higher in persons more exposed who therefore possess higher
immunity, but play no causal role in protection. Thus, failure to
take into account correlations between responses may lead to an
overstatement of the causal effect of individual responses.

To address inconsistent associations between antibody re-
sponses to P. falciparum and protection against malaria, we
measured responses to 5 P. falciparum antigens in a cohort of
children in Kampala, Uganda, where heterogeneity in malaria
incidence has been well defined [8]. We performed analyses with
use of a standard outcome of protection (time to first malaria
episode) and an outcome focused on blood-stage immunity,
defined as protection from symptoms once parasitemic. By as-
sessing parasitemia and malaria monthly, we were able to ac-
count for variation in P. falciparum exposure in our analysis and
assess the impact of this variation on associations between
antibodies and protection from malaria.

MATERIALS AND METHODS

Study Site and Participants

The study was conducted in a neighborhood of Kampala,
Uganda, where we have previously shown that malaria incidence
is heterogeneous, with those living near a swamp having 4 times
the incidence of those living >200 meters away [8]. From
November 2004 through April 2005, children aged 1-10 years
were enrolled [15] in a randomized trial of antimalarial therapies
[16, 17]. Children underwent monthly routine assessment, in-
cluding blood smear. Malaria was diagnosed if a child had fever
(tympanic temperature, = 38.0°C) or history of fever in the
previous 24 h and any parasitemia. Recrudescent cases of ma-
laria, as determined by genotyping 6 loci [16], were excluded
from the analysis. Parasitemia without fever was not treated.
Serum samples were collected every 90 days. Serum samples
tested for this study were those obtained closest in date to 1 year
after study enrollment, to allow for assessment of malaria risk
before and after antibody measurement. All persons born in
Kampala who had available serum samples at least 180 days after
enrollment were included in the analysis (Figure 1).

Antibody Testing by Enzyme-Linked Immunosorbent Assay
(ELISA)

Antibodies to 8 antigens representing 5 different proteins were
assessed. Antibodies to circumsporozoite protein (CSP) and
liver-stage antigen 1 (LSA-1) were assessed using synthetic

601 children enrolled in longitudinal study
from 323 households randomly selected
from a census population

A

484 children born in Kampala

y
414 children with serum samples drawn at
least 180 days after enrollment and ELISA
results for all 8 antigens tested
(sample size for associations between prior
P. falciparum exposure and antibody
responses, and associations between
antibody responses and time to malaria)

A

263 children with at least one parasitemic
month in the year following serum sample
(sample size for associations between
antibody responses and protection from
symptoms once parasitemic)

Figure 1.  Children from Kampala, Uganda, included in the study.

peptides [18]. Recombinant apical-membrane antigen 1 (AMA-
1) from 3D7 and FVO strains (full-length ectodomain) [19];
recombinant merozoite surface protein 1 (MSP-1,,) from 3D7,
FUP, and FVO strains [20, 21]; and MSP-3 from the FVO strain
[22] were expressed in Escherichia coli.

Total I1gG responses to antigens were measured by ELISA, as
described elsewhere [18]. Antibody levels were expressed in ar-
bitrary units (AUs), calculated by dividing the optical density
(OD) of the sample by the mean OD plus 3 standard deviations
(SD) of samples from 9 North Americans never exposed to
malaria [23]. Positive control samples from individuals with
known antibodies to these antigens were placed on each plate
and values were similar on all test days. All analyses considered
antibody levels as both dichotomous (values = 1.0 AU con-
sidered to be positive) and continuous variables. For continuous
variable analyses, we truncated minimum values at .01 AU and
worked with log-transformed values.

Statistical Analysis
Our primary definition of malaria was fever and any para-
sitemia. A secondary definition using a parasite threshold of
>5000 parasites/pL was also explored, but results were similar;
therefore, only data using our primary definition are reported.
We hypothesized that prior exposure to P. falciparum may
represent an important source of confounding when evaluating
associations between antibody responses and subsequent ma-
laria risk, because individuals with higher rates of exposure may
develop more robust antibody responses but still develop more
malaria if they continue to be more highly exposed. Therefore,
we first assessed associations between factors related to prior
P. falciparum exposure and antibody responses: age, distance
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from a swamp, and incidence of malaria before antibody mea-
surement (Figure 1). Associations for dichotomous antibody
responses were odds ratios (ORs), estimated with multivariate
logistic regression; associations for continuous responses were
relative levels, estimated with multivariate linear regression.

To assess associations between antibody responses and future
malaria, we analyzed time to first malaria episode. Hazard ratios
were estimated for each response using Cox proportional haz-
ards regression with robust inference, adjusting for age. To ac-
count for heterogeneous exposure to P. falciparum, we
performed a similar analysis additionally adjusting for distance
from a swamp and prior malaria incidence.

We next assessed associations between antibody responses
and the probability of developing malaria once parasitemic
(Figure 1). We hypothesized that this analysis would be less
susceptible to confounding by heterogeneous P. falciparum
exposure because the outcome is conditional on being para-
sitemic. Outcomes were each month of person-time classified as
containing at least 1 episode of malaria (no protection), no
malaria but at least 1 episode of asymptomatic parasitemia
(protection), or neither (no evidence for or against protection).
Only person-months containing malaria or asymptomatic par-
asitemia were included in the analysis and were evaluated as
binary outcomes. Outcomes were assessed monthly, because
each child had at least 1 blood smear every month, and it was
uncommon to have >1 new episode of malaria in a month.
Asymptomatic parasitemia was defined as a positive blood
smear result in the absence of fever at least 28 days after and
5 days before treatment for malaria [24]. The analysis was
adjusted for age alone and age, distance from a swamp, and prior
malaria incidence. Associations were estimated as ORs using
generalized estimating equations with robust inference [25].

To assess the marginal effect of antibody responses in pro-
tection from malaria once parasitemic, including adjustment for
age, distance from a swamp, prior malaria incidence, and all
other measured antibody responses, we performed graphical-
computation (G-computation) [26]. Using a linear additive
model makes many assumptions about the relationships between
covariates, and simply adding interaction terms with highly
correlated variables may result in an unstable model (in this
case, one which did not converge). Therefore, predictions for
G-computation estimates were estimated using the SuperLearner
algorithm [27]. To produce estimates which were robust to cor-
related antibody responses and did not assume linear or additive
relationships, the SuperLearner library consisted of the following
prediction algorithms: main term logistic regression, random
forests [28],
splines [29], k-nearest neighbor classification [30], and elastic net

generalized additive regression with smoothing

regression [31]. Twenty folds were used for cross-validation, and
inference was obtained using 1000 bootstrap replicates.

To assess the accuracy of antibodies alone or in combina-
tion to predict protection, we generated predictions for all

Table 1. Antibody Responses to Plasmodium falciparum Anti-
gens

Antigen Antibody prevalence® Median level® (IQR)
AMA-1-3D7 29% 0.26 (.12-1.26)
AMA-1-FVO 30% 0.27 (.10-1.59)
MSP-3 14% 0.21 (.08-.49)
MSP-1-3D7 26% 0.35 (.12-1.06)
MSP-1-FUP 39% 0.68 (.27-1.83)
MSP-1-FVO 33% 0.44 (.20-1.82)
CSP 12% 0.23 (.07-.52)
LSA-1 26% 0.36 (.15-1.06)

NOTE. IQR, interquartile range.
@ An AU = 1 was considered a positive response, n = 414.

® |evels are in arbitrary units (AU), calculated by dividing the optical density
(OD) generated by the test sample by the mean OD plus 3 standard deviations
of samples from 40 North Americans never exposed to malaria. Median level
includes all individuals, including those with a negative response.

combinations of 1-5 antibodies plus age, using generalized es-
timating equations. Accuracy was assessed as the area under the
receiver operating characteristic curve (AUROC) by using the
predicted probabilities from the model and plotting the true
positive rate versus the false positive rate.

Statistical analysis was performed using R, version 2.9.0. A
P value of <.05 was considered to be statistically significant.

RESULTS

Characteristics of Patients and Samples

Of 601 children enrolled in the study, 414 (69%) had samples
that met inclusion criteria (Figure 1). For these children, the
prevalence of parasitemia was 19% at study enrollment, the
mean age at the time of serum sample collection (~12 months
after enrollment) was 6.5 years (range, 1.8-11.2 years), 24%
lived within 25 meters of a swamp, and the mean incidence of
malaria before antibody measurement was .9 cases per person-
year (range, 0-8.8 cases per person-year). Three percent of
children were parasitemic at the time that the serum sample was
obtained. The frequency of a positive response to an antigen
ranged from 12% to 39%, and the median antibody level ranged
from .21 to .68 AU, with the lowest responses to CSP and MSP-3
and the highest to MSP-1-FUP (Table 1). Responses to different
variants of the same protein were very similar, with pairwise
correlations ranging from .7 to .9 (P < .001 for all comparisons).
Because of this high correlation, we simplified subsequent
analyses to consider only responses to the 3D7 variants of AMA-
1 and MSP-1.

Higher Prior Plasmodium falciparum Exposure Was Associated
With Stronger Antibody Responses

As expected, the level of responses to all 5 antigens evaluated
increased with age, with responses to AMA-1 showing the
greatest increase (Table 2, P < .05). Heterogeneity in exposure
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Table 2. Associations Between Prior Plasmodium falciparum Exposure and Antibody Levels

CSP LSA-1

AMA-1 MSP-1 MSP-3

Relative level®
(95%Cl)

Relative level®
(95%Cl) P

Relative level®
(95%Cl) P

Relative level®
(95%Cl) P

Relative level®
(95%Cl) P

Age (per 5 year increase)
Living within 25m of swamp 1.72 (1.19-2.50) .004 1.86 (1.26-2.73)

Prior malaria incidence
(per case/person year)

1.38 (1.04-1.84).02 1.86 (1.39-2.50) <.001 3.60 (2.65-4.90) <.001 1.43 (1.02-2.02) .04 2.06 (1.57-2.70) <.001
.0021.89 (1.27-2.83)
1.20 (1.07-1.35) .003 1.38 (1.22-1.56) <.001 1.53 (1.34-1.73) <.001 1.23 (1.07-1.42) .004 1.11 (.99-1.24) .07

.0021.68 (1.07-2.63) .02 1.54 (1.08-2.19) .02

NOTE. Cl, confidence interval; associations with log-transformed antibody responses were estimated with multivariate linear regression.
@ Relative level indicates fold change in antibody level, e.g. a relative level of 2 indicates a doubling of antibody levels.

intensity was also associated with significant variation in an-
tibody levels. Living near a swamp, where the incidence of
malaria was higher [8], was a significant predictor of greater
responses to all antigens (P < .05). Incidence of malaria
before antibody measurement was positively associated with
antibody levels (P < .05 for all responses except MSP-3).
Similar associations were seen for dichotomous antibody re-
sponses, although fewer were statistically significant (data not
shown). Of note, distance of residence from a swamp and
incidence of malaria before antibody measurement were
independently associated with incidence of malaria after an-
tibody measurement (P < .001 for both), indicating that
heterogeneous exposure may be an important confounder of
associations between antibody levels and the risk of
subsequent malaria.

Stronger Antibody Responses Were Associated With a Higher
Risk of Subsequent Malaria

To determine whether responses to any of the 5 antigens tested
were associated with protection from clinical malaria, we eval-
uated associations between responses and time until the first
episode of malaria during the year after antibody measurement.
After adjustment for age, higher antibody levels to all 5 antigens
were significantly associated with a higher hazard of subsequent
clinical malaria (P < .01) (Table 3). Results were similar when
follow-up times were restricted to <1 year or were adjusted for
parasitemia and season at the time of sampling (data not

shown). Positive associations were also observed when restrict-
ing the analysis to only children who had at least 1 episode of
parasitemia during follow-up (ie, only including persons with
documented exposure [4]; data not shown). After adjustment
for prior exposure to P. falciparum, as estimated by distance
from a swamp and incidence of malaria before the antibody
measurement, higher antibody levels still predicted a higher
hazard of malaria, but associations were reduced and only re-
mained significant for CSP, LSA-1, and AMA-1 (Table 3). Di-
chotomous antibody responses showed similar associations
(data not shown). Thus, stronger antibody responses were as-
sociated with a higher risk of malaria, likely because of con-
founding by prior P. falciparum exposure.

Stronger Antibody Responses to Blood-Stage Antigens Were

Associated With Protection From Malaria After Parasitemic

Optimal assessment of protection from malaria would require
measurement of both the number of parasite inoculations and
the number of malaria episodes that result from these events.
Direct measurement of mosquito inoculations was not possible,
but it was possible to assess resultant parasitemia with regular
blood smears. Therefore, we assessed blood-stage protection as
the absence of malaria in a month once parasitemic. With ad-
justment for age, stronger antibody responses to the 3 blood-
stage, but not the 2 pre-erythrocytic antigens, were significantly
associated with protection from clinical malaria once para-
sitemic P < .01 for AMA-1, MSP-1, and MSP-3) (Table 4).

Table 3. Associations Between Antibody Levels and Time to First Malaria Episode

CSP LSA-1

AMA-1 MSP-1 MSP-3

HR (95%Cl) P HR (95%Cl)

HR (95%Cl) P HR (95%Cl) P  HR (95%Cl) P

Adjusted for age

Adjusted for age and
prior malaria incidence
Adjusted for age, distance 1.36 (1.07-1.74) .01
from swamp, and prior
malaria incidence

1.42 (1.12-1.81)

1.32 (1.05-1.67)

1.64 (1.27-2.12) <.001 1.77 (1.41-2.22) <.001 1.69 (1.39-2.06) <.001 1.29 (1.06-1.57) .01 1.43 (1.11-1.85) .006
.004 1.48 (1.18-1.86) <.001 1.35 (1.09-1.67)

.005 1.17 (.94-1.44) .15 1.30 (1.01-1.68) .04

1.26 (1.01-1.56) .04 1.11(.90-1.37) .33 1.23 (.94-1.60) .13

NOTE. HR, hazard ratio; Cl, confidence interval; associations are for every 10-fold increase in antibody level and were estimated using Cox proportional hazards

with robust inference.
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Table 4. Associations Between Antibody Levels and Probability of Developing Malaria in a Month if Parasitemic

CSP LSA-1 AMA-1 MSP-1 MSP-3
OR (95%Cl) P OR (95%Cl) P OR (95%Cl) P OR (95%Cl) P OR (95%Cl) P
Adjusted for age® 0.68(.28-1.69) .41 0.64 (.38-1.08) .10 0.34 (.18-.65) .001 0.36(.17-.76) .008 0.31 (.15-.64) .002
Adjusted for age, distance 0.46 (.16-1.33) .15 0.55(.27-1.12) .10 0.30(.15-.63) .001 0.37(.18-.75) .006 0.32 (.15-.67) .003
from swamp, and prior
malaria incidence?®
Marginal effect, adjusted for  0.89 (.43-1.43) .68 0.97 (.77-1.34) .72 0.70(.46-.98) .03 0.71(.50-1.06) .12 0.72 (.35-1.01) .06

age, distance from swamp,
prior malaria incidence, and
other antibody responses®

NOTE. OR, odds ratio; Cl, confidence interval.

@ Associations are for every 10-fold increase in antibody level and were estimated using generalized estimating equations with robust inference accounting for

repeated measures within individuals.

© Associations are for every 10-fold increase in antibody level and were estimated using G-computation of SuperlLearner predictions including parametric and
nonparametric models, with inference obtained using 1000 bootstrap replications.

Adjustment for exposure to P. falciparum based on distance
from a swamp and prior malaria incidence did not affect these
associations, suggesting that these antibody responses were
better predictors of blood-stage immunity than were our
measures of prior exposure. Dichotomous antibody responses
showed similar associations, with positive responses to AMA-1
and MSP-3 associated with a lower risk of malaria once para-
sitemic (P < .05 for both). Thus, stronger antibody responses to
blood-stage antigens were associated with protection from
symptomatic malaria once parasitemic, without evidence of
confounding by prior P. falciparum exposure.

Analyses of Antibody Responses Individually Overestimated

Any Causal Effect in Protection

Antibody responses to the 5 different antigens assayed were sig-
nificantly correlated with each other (range, .2—.6; P < .001 for all
pairwise comparisons). Therefore, some associations may have
been attributable to antibodies acting as surrogates for other
protective responses. To estimate the potential causal effect of
each antibody response, we next performed an analysis of the
marginal effect of each antibody, adjusting for the effect of other
measured antibodies in addition to age and prior exposure to P.
falciparum. Our statistical model did not assume that the effects
of individual antibodies were independent and used methods
designed to give stable results in the setting of correlated variables.
With this analysis, associations between antibody responses and
the probability of developing malaria once parasitemic were
reduced, compared with the analysis including only a single an-
tibody measurement (eg, the OR for AMA-1 was 0.3 when
considered alone but 0.7 when considered in the context of other
responses) (Table 4). Results were similar for dichotomous re-
sponses (data not shown). These data suggest that any causal
protective effect of antibodies may have been overestimated in the
analyses including only a single antibody response. Of interest,
trends toward protection in those with higher levels of antibodies
to the pre-erythrocytic antigens CSP and LSA-1 were completely

abrogated in the marginal structural analysis, indicating that their
association with protection from disease once parasitemic was
likely attributable to associations with other protective responses.

The Ability of Combinations of Antibody Responses to Predict
Protection

To determine whether responses to multiple antigens provided
more information on protection than responses to a single an-
tigen, we assessed the ability of combinations of antibody re-
sponses to predict protection from malaria once parasitemic.
Accurate prediction of protection was evaluated using the AU-
ROC, where a value of 0.5 indicated that prediction was no
better than random and a value of 1.0 indicated a perfect pre-
dictor. For dichotomous antibody responses, AMA-1 and MSP-
1 were the best single predictors of protection (AUROC:s of 0.67
and 0.64, respectively). The combination of AMA-1 and MSP-1
offered better prediction (AUROC, 0.71) with combinations of
3, 4, or 5 antibodies showing marginal improvement (Figure 2).
Antibody responses evaluated as levels provided better pre-
dictions than did dichotomous responses, with AMA-1 and
MSP-3 being the best single predictors (AUROCs of 0.76 and
0.74, respectively). Using any combination of antibody levels
offered no improvement in prediction over the response to
AMA-1. These data indicate that antibody levels were better
predictors of blood-stage protection than were dichotomous
responses and that AMA-1 levels alone provided as much
information about protection as any combination of the 5

responses measured.

DISCUSSION

Numerous studies have assessed the relationship between anti-
bodies to specific P. falciparum antigens and protection from
malaria [3], but few have systematically assessed and controlled
for prior exposure to P. falciparum. Thus, it has been difficult to
distinguish antibodies serving as markers of prior exposure from
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Figure 2. Accuracy of antibody responses alone and in combination in
predicting protection from malaria once parasitemic. Hollow bars indicate
predictive accuracy of dichotomous responses; solid bars indicate
predictive accuracy of antibody levels. An area under the receiver
operating characteristic curve (AUC) value of 0.5 indicates a prediction no
better than random, and a value of 1.0 indicates a perfect predictor.

their potential function as mediators of protection. In the
present study, we found that increased prior exposure to
P. falciparum was associated with both stronger antibody
responses and an increased risk of subsequent malaria, with the
result that stronger antibody responses were significantly
associated with an increased risk of malaria. Adjustment for
proximity of residence to a swamp and prior malaria incidence
reduced but did not remove the confounding effect of prior
exposure, likely because even these 2 detailed metrics did not
perfectly capture variation in P. falciparum exposure. However,
by using a novel method of assessment, evaluating the risk of
clinical disease once parasitemic, we showed that stronger
antibody responses to the blood-stage antigens AMA-1, MSP-1,
and MSP-3, but not the pre-erythrocytic antigens CSP and
LSA-1, were associated with blood-stage protection. Our study
supports a role for antibodies to blood-stage antigens in
antimalarial protection, but highlights the importance of
considering varied P. falciparum exposure in assessing the
importance of different antibodies.

Our analysis showed strong associations between anti-
bodies to the blood-stage antigens AMA-1, MSP-1, and
MSP-3 and protection from malaria. These findings are
consistent with some findings from published cohort studies
[32-37] but not others [35, 36, 38, 39]. Our data suggest that
a reason for this discrepancy is that antibody-associated
protection from malaria may be difficult to discern with use

of traditional outcomes in areas where there is highly vari-
able malaria exposure. Defining protection based on the
incidence or hazard of malaria implicitly assumes that
P. falciparum exposure is homogeneous and, thus, is subject
to confounding. In contrast, assessing protection based on
progression from asymptomatic parasitemia to symptomatic
disease mitigates concerns about differential exposure
because the exposure (parasitemia) is measured.

The strong associations that we observed between antibodies
to AMA-1, MSP-1, and MSP-3 and protection from malaria
remained unchanged after adjustment for prior P. falciparum
exposure, as estimated by distance from a swamp and prior
malaria incidence. This finding may suggest that these 3 anti-
body responses are truly protective. However, it is also possible
that these antibody responses are simply better surrogate
markers of protection than our estimates of prior exposure.
Indeed, in our study, antibody responses were all correlated with
each other, and when analyzed in combination, estimates of the
causal effect for each antibody were less than that observed when
analyzed individually. This finding should be considered in light
of the fact that we measured responses to a limited subset of
P. falciparum antigens. In addition, no combination of the 3
responses to blood-stage antigens predicted protection better
than AMA-1 levels alone. Together, these findings suggest that
there is no evidence of additive protection in our study and that
antibodies to these 3 antigens trigger the same protective
mechanisms or, alternatively, are all surrogate markers for
different response(s) that mediated protection.

In the present study, protection was more strongly associated
with antibody levels than dichotomous responses, which do not
take into account the possibility of progressively increased
protection with increased antibody levels. The present study
supports the use of antibody levels as a finer tool to discriminate
antibody-associated protection. Indeed, this may in part explain
an apparent discrepancy between our study and one from
Kenya, in which dichotomous antibody responses in combina-
tion provided more information about protection than in-
dividual responses [40]. Our data similarly demonstrated that
multiple dichotomous responses provided more information
than a single dichotomous response. However, a single antibody
level provided more information than 5 dichotomous responses
in combination.

Similar to responses to blood-stage antigens, antibodies to
CSP and LSA-1 were associated with a higher risk of malaria,
which persisted after adjustment for prior exposure. This lack of
protection is consistent with some prior studies [41-44] but in
contrast with others [18, 45]. The lack of protection seen in this
study may reflect inadequate protection afforded by these re-
sponses in a relatively low transmission African setting or an
inability to adequately control for prior exposure in our analysis.
We also saw no association between antibody responses to the
pre-erythrocytic antigens CSP and LSA-1 and protection from
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malaria once parasitemic. This finding is consistent with the
parasite’s biology, because these antibodies should have no effect
on the parasite after it has reached the blood stage. In contrast,
antibodies to blood-stage antigens may have functional roles in
inhibiting erythrocytic parasite development, such as blocking of
merozoite invasion of erythrocytes [46] or opsonization of
merozoites [47].

A limitation of our study is that analysis of protection from
malaria once parasitemic does not provide information on
protection from parasitemia once infected by a mosquito, such
as may be induced by vaccines targeting pre-erythrocytic anti-
gens [48, 49]. However, this approach remains appropriate for
assessing protection associated with responses to blood-stage
antigens. In addition, this type of analysis is likely to be useful in
assessing naturally acquired immunity in general, especially in
children, because protection against disease develops earlier and
more completely than protection against parasitemia [50].

In conclusion, we demonstrated the usefulness of a novel
clinical assessment, protection from malaria once parasitemic,
in determining the association of antibody responses to
blood-stage antigens with protection from malaria. Assess-
ment of protection from malaria once parasitemic may be
a particularly useful outcome measurement when evaluating
protection against malaria in areas with heterogeneous ma-
laria exposure. In addition, we showed that associations be-
tween individual immune responses and outcomes may
overestimate the protective effect of these responses because
of correlation with other protective responses. Im-
munoepidemiology studies designed to detect mechanisms of
immune protection should integrate prior exposure into the
analysis, either by estimating exposure or by performing
analyses more robust to varied exposure, such as those used in
this study, and evaluate multiple immune responses.
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