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Although the heterogeneity of malaria
transmission has been known for many
years, it has only recently become rec-
ognized as having importance in the
analysis of longitudinal studies [1]. As-
sumptions of homogenous transmission
(ie, that every participant in a given
study is exposed to the same number of
infectious bites) can lead to incorrect
conclusions (eg, that placental malaria is
a risk factor for childhood malaria or
that parasitemia is protective against
clinical malaria) [2-3]. In both these
cases, associations have been confused
with a causal pathway, and the outcomes
have been confounded by the heteroge-
neity of risk in malaria transmission.
Persons living in an area of higher
transmission are more likely to develop
malaria again than are persons living
outside that locality. In turn, after
repeated attacks, these persons will de-
velop immunity against clinical disease
and become asymptomatic carriers of
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infection. Infection itself is not the cause
of the observed association, but rather
exposure to repeated infections in the
area of residence. In this issue of the
Journal, 2 original articles have exam-
ined the effects of heterogeneity in
malaria transmission in great depth,
using cohort studies to determine how
best to consider variation in risk when
analyzing studies. One, an observational
cohort [4], and the other, a cohort in
a vaccine study [5], use measurements of
antibodies as their outcome measures.

ANTIBODY RESPONSES:
MARKERS OF PROTECTION
AND OF EXPOSURE

There are particular problems when using
immune markers as outcome measures,
because antibody responses are both cor-
related with malaria exposure and clinical
protection. If variation in malaria expo-
sure is not taken into account during the
analysis of data, the paradoxical finding
that antibodies, which should be markers
of protection, are associated with an in-
creased risk of clinical malaria may occur
[4, 6]. The studies described by Green-
house et al [4] and Bejon et al [5] present
exceptionally detailed information on
malaria incidence and geographical risk
factors for malaria and use repeated
assessments of antibody responses to
a number of malaria antigens. Despite

this level of detail, both studies reveal
how difficult it is to adjust for variation
in malaria exposure when examining
immune correlates of protection.
Variation in malaria exposure is
present at micro-epidemiological levels
at low [7-8], moderate, and high
[9-11]. The
causes underlying small-scale variations

transmission intensity
in malaria exposure are complex and
include environmental factors, such as
altitude, cultivation practices, urbani-
zation, and distance from bodies of
water that are suitable for Anopheles
propagation; household structure (eg,
roofing material, presence of eaves un-
der the roof and wall material); and the
use of protective measures against
mosquitoes, such as insecticide-treated
bed-nets (ITNs) [7, 9, 11-12]. Human
genetic factors influence the risk of
malaria [12] and potentially other
factors (eg, interindividual variation
in attractiveness to mosquitoes [13],
gametocyte development [14] and
gametocyte transmissibility [15]); all
of these factors influence the micro-
epidemiology of malaria.

ADJUSTING FOR
HETEROGENEITY IN
MALARIA EXPOSURE

Regardless of the underlying causes,
many of which are site specific, practical
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methods to adjust for differential expo-
sure to malaria transmission must be
found. Bejon et al [5] and Greenhouse
et al [4] initially included previous ma-
laria incidence in their models. This is
the most direct manner to adjust for
intra-individual variation in malaria ex-
posure. However, both groups observed
that this was insufficient to adjust for all
heterogeneity in malaria exposure;
distance to the swamp [4], living in
a hotspot of malaria transmission [5], or
baseline antibody concentrations [5]
remained significant risk factors for
malaria during follow-up, after adjust-
ment for an individual’s history of
malaria attacks. The number of docu-
mented previous malaria episodes did
not explain all variation in antibody
concentrations. The best-fitting model
was identified when the authors
restricted their analysis to include only
individuals with proven malaria expo-
sure during the evaluation phase by
excluding all individuals [5] or person-
months [4] during which no parasitemia
was detected. This resulted in the effect
estimates changing considerably. In both
studies, antibody responses against
blood stage antigens were initially asso-
ciated with an increased risk of clinical
[4-5].
analyses were restricted to individuals

malaria However, when the
with parasitemia, both studies showed
that higher levels of antibodies were as-
sociated with a decreasing risk for clin-
ical episodes of malaria and increasing
asymptomatic carriage of malaria. In the
article by Bejon et al [5], this analysis
allowed the authors to show that vacci-
nation with the pre-erthrocytic vaccine
RTS,S/ASO1E and sleeping under an ITN
were independent risk factors for having
clinical malaria attacks, as opposed to
having asymptomatic parasitemia. This
was interpreted as evidence that both
RTS,S/ASO1E and ITNs protect against
blood-stage infection, and when these
children were exposed to blood-stage
infection, they lacked protective anti-
bodies and became symptomatic. In
contrast, those who were not protected

by vaccine and ITNs had more exposure
to malaria and, therefore, had protective
antibodies and were more likely to re-
main asymptomatic if infected.

The value of considering individuals
who remain parasite free as nonexposed
and excluding them from analysis when
assessing immune correlates of pro-
tection has been shown in several studies
[1, 4-6]. This is the most uncomplicated
manner to remove some of confounding
that arises by differential exposure to
malaria and allows a re-analysis of pre-
viously conducted and published trials,
which we strongly support.

TOWARD A QUANTITATIVE
ASSESSMENT OF
INDIVIDUAL MALARIA
EXPOSURE

There are, however, limitations in the ex-
tent to which excluding nonparasitemic
individuals from analyses will solve the
problem of heterogeneity in malaria ex-
posure. To conclude that all individuals
who remain parasite free during follow-up
were truly nonexposed, researchers should
consider frequent sampling to not miss
asymptomatic infections that are cleared
between scheduled follow-up visits. Even
if participants are examined frequently,
not all parasitemic episodes will be de-
tected if microscopy is used for parasite
detection [16] and, as Greenhouse et al [4]
correctly mention, this qualitative evi-
dence of exposure does not take varied
degrees of exposure into account. It will
between
whose parasite carriage is the result of

not differentiate individuals
a single inoculum or of multiple in-
fections, although it is clearly relevant to
include an individual’s level of exposure to
malaria. Thus, additional methods to ad-
just for heterogeneity in exposure should
be explored.

The ideal evaluation for studies
assessing protection against clinical ma-
laria episodes should determine what
proportion of malaria exposures leads to
a clinical malaria episode. A direct
determination of sporozoite inocula

would give this answer but is currently
impossible. Intensive sampling of mos-
quitoes with use of exit traps to sample
mosquitoes after they have searched for
a blood meal is laborious and costly for
all cohort participants but could provide
valuable and detailed information on
exposure. Another approach would be
detection and characterization of each
parasite strain causing blood-stage in-
fection with use of molecular methods.
The success of this approach would
depend on the frequency of sampling
and on the sensitivity of molecular
methods to detect and distinguish par-
asite isolates in mixed-clone infections
[17-18], with minority variants [19] and
submicroscopic infections [16]. Pre-
erythrocytic immunity can also make
the estimates of exposure incomplete.
A third possibility is to use serological
markers of exposure. Serological mark-
ers of exposure have previously been
used to assess small-scale variation in
malaria transmission [9—10, 12] but have
several disadvantages. First, the strong
colinearity between antibody concen-
trations and clinical immunity makes it
difficult to find markers of exposure that
do not affect the analysis of correlates of
protection. Second, to reliably indicate
malaria exposure during a specific
period of follow-up, antigens must be
highly immunogenic, resulting in mea-
surable antibody concentrations in all
exposed individuals, and short lived,
indicating exposure in the previous
weeks or months. A last approach and
one that is perhaps most user friendly
would be to define different exposure
zones in an area. Malaria exposure may
differ between subvillages [5, 12] and by
distance to the fringe of the forest [11]
or swamp [4]. Incorporating this ele-
ment in models, together with the
exclusion of parasite-free individuals or
person-months, may further improve
effect estimates.

In conclusion, the studies in Uganda
and Kenya reported in this issue show
that it is possible to account for part of
the heterogeneity in malaria exposure
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and allow for conclusions on data to be
made. Additional studies need to be
performed to clarify the relationships
between exposure to infection of malaria
and immunity; however, the authors of
these studies have shown that some tools
exist to investigate this topic. Further
developments in this field are needed to
find all the important elements of the
micro-epidemiology of malaria trans-
mission and resulting immunity.
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