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Abstract

Background: Because international funding for malaria control is plateauing, affected countries that receive foreign
funding are expected to maintain a constant budget while continuing to reduce Plasmodium transmission. To investi-
gate the appropriateness of a malaria control policy in Madagascar, the effectiveness of all currently deployed malaria
control interventions (MCls) was measured.

Methods: A nationwide cross-sectional survey was conducted in 2012-2013 at 62 sites throughout Madagascar.

A total of 15,746 individuals of all ages were tested for Plasmodium infection using rapid diagnostic tests and were
interviewed about their use of long-lasting insecticidal nets (LLINs), indoor residual spraying (IRS), intermittent
preventive treatment of pregnant women (IPTp), and exposure to information, education and communication (IEC)
campaigns. The association between Plasmodium infection and MCl exposure was calculated using multivariate multi-
level models, and the protective effectiveness (PE) of an intervention was defined as one minus the odds ratio of this
association.

Results: The individual PE of regular LLIN use was high and significant (41 %, 95 % confidence interval [CI] 23-54),
whereas its community PE was not. The PE of IRS at the household level was significant in one transmission pattern
only (44 %, 95 % Cl 11-65), and the community PE with high IRS coverage (>75 %) was high and significant overall
(78 %, 95 % Cl 44-91). Using LLINs after IRS increased the PE, and the reciprocal was also true. The maternal PE of IPTp
was high but non-significant (65 %, 95 % Cl —32 to 91). The PE of IEC was low, non-significant and restricted to certain
areas (24 %, 95 % Cl —34 to 57).

Conclusions: This snapshot of the effectiveness of MCls confirms that integrated vector control is required in malaria
control policies in Madagascar and suggests combining MCls when one is questionable. Policymakers should con-
sider the local effectiveness of all deployed MCls through a similar phase IV assessment.
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Background in 2007) approaching malaria pre-elimination [1, 2].
Following a sharp increase in international funding, suc- Because international funding for malaria control is
cessful malaria control has been observed over the pre- reaching a plateau [2], malaria control programmes
vious decade, with certain countries (e.g., Madagascar ~must improve their strategies for combating malaria in

a cost-effective manner. To achieve malaria elimination,

policy makers should be informed of the effectiveness
*Correspondence: thomask@pasteurmg of each control intervention in reducing Plasmodium
' Malaria Research Unit, Institut Pasteur de Madagascar, BP 1274, 101, infections within the overall population of each country.
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Indicator Surveys (MISs) partly provide such informa-
tion [3, 4], although they are limited to target populations
(i.e., children under 5 years of age and women of child-
bearing age), whereas the entire population must be con-
sidered for the elimination of malaria parasites [5, 6].
Additionally, the effectiveness of malaria control inter-
ventions (MClIs) is usually measured separately and in
geographically restricted areas despite the simultaneous
deployment of MClIs. Therefore, the project described
in the present manuscript aimed to evaluate the indi-
vidual effectiveness of current MClIs in reducing Plas-
modium infections through a comprehensive study. This
study, termed MEDALI (for Mission d’Etude des Déter-
minants de I'’Accés aux Méthodes de Lutte antipaludique
et de leur Impact), was performed in Madagascar during
2012-2013. The design and methodology of the MEDALI
project, assessment of malaria infection, morbidity and
mortality, and evaluation of the coverage of MCIs have
been previously described [5]. The present manuscript
depicts the evaluation of the effectiveness of long-lasting
insecticidal nets (LLINSs), indoor residual spraying (IRS),
intermittent preventive treatment of pregnant women
(IPTp), and information, education and communication
(IEC) campaigns against Plasmodium infection. These
MCIs are key interventions in Madagascar, most of them
having progressively been adopted during the 2000’s, in
parallel with availability of international funding. IPTp
was introduced in 2004. In 2006, the national recommen-
dation for treatment of uncomplicated malaria switched
from chloroquine to artemisinin-based combination
therapy (ACT), together with the use of rapid diagnostic
tests (RDT). In 2008, universal coverage with LLINs was
scaled up at national level, and IRS with pyrethroids was
deployed in the Central Highlands and Fringe transmis-
sion patterns. In 2009-2010, IRS was extended to some
South and Western districts, while it was down-scaled
to focalized IRS in the Central Highlands. In parallel
with deployment of these MCls, IEC campaigns were
reinforced.

Methods

A complete description of the methodology of MEDALI’s
cross-sectional survey is published elsewhere [5]. Below
are the key points.

Study sites

Study sites were selected from a pre-existing network
of sentinel health centres (SHC) for the surveillance of
fever-associated diseases [7]. One SHC in each local-
ity where at least one SHC existed was selected, and two
study sites were randomly selected near each of the 31
SHC, for a total of 62 study sites [5, 8] (Fig. 1). The two
coastal regions (east and west) exhibit hyperendemic
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Fig. 1 Malaria transmission patterns in the districts of Madagascar
and MEDALI study sites and their population densities

malaria patterns. In the central highlands and the south,
transmission patterns are unstable, episodic or epidemic.
In the fringe areas at intermediate altitudes, transmission
is limited to the rainy season. Coastal areas were investi-
gated during September—October 2012, and other areas
were investigated between November 2012 and January
2013.

Sample size calculation

A total sample size of 13,950 is sufficient to detect an
odds ratio (OR) of 0.7 for malaria RDT positivity with
a power of 80 % according to the following parameters:
baseline proportion of positive RDTs [or parasite rate
(PR)] of 5 %, intervention coverage of 50 %, cluster effect
of 2, and alpha risk of 5 % [9]. Under the same assump-
tions, this sample size is sufficient to detect ORs of 0.75
and 0.8 with powers of 69 and 49 %, respectively. To
achieve a total sample size of 13,950 individuals, at least
225 people from a minimum of 50 households in each of
the 62 study sites were included.

Data collection and treatment

The inclusion criteria included the following ele-
ments: >6 months of age; signed informed consent; and
ability to take per os treatment in the case of positive
RDT. The head of household or a representative and all
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participants answered a questionnaire about socio-demo-
graphic features and exposure to MCls. Bed net use was
defined as “use every night during the last 3 months” [5].
Household socio-economic status (SES) quintiles were
created using principal component analysis (PCA) as
described previously [5, 10]. Similarly, quintiles of hous-
ing permeability to mosquitoes were created using PCA
based on housing construction materials and structural
holes. Categories of exposure to IEC malaria messages
were calculated by PCA according to one of the follow-
ing types of media and time since the previous exposure:
radio, poster, mobile video unit (MVU), television, leaflet
or written press article, or other media/presentation [e.g.,
hiragasy (traditional Malagasy theatre), puppets, theatre,
etc.]. The complete definition of all variables is available
in Additional file 1. Blood was drawn from all partici-
pants by finger or heel puncture for RDT (CareStart®
Malaria, Access Bio Inc., Monmouth Junction, NJ, USA).
The population density of each study site was determined
from the WorldPop/AfriPop database [5, 11]. The surface
area of the study sites was calculated by contouring clus-
ters with a polygon extending through GPS coordinates
of external households using QGIS version 2.2.0.

Statistical analyses

Analyses were performed for the complete dataset (IEC)
or limited to populations targeted by the interventions
(LLIN, IRS, or IPTp). The outcome was the result of the
RDT: negative versus HRP2 and/or pLDH positivity. To
explore factors associated with RDT positivity, gener-
alized estimating equation (GEE) models were fitted
by considering an exchangeable within-site correlation
structure using the gee function of R [12]. The explana-
tory variables were fit into backward stepwise logistic
regression models, and two variables (transmission pat-
tern and population density) were forced in all models.
All of the multivariate model fits were evaluated using
binned residual plots [13, 14]. Two variables were tested
as potential effect modifiers for the effectiveness of the
MClIs: (i) the malaria transmission pattern and (ii) indi-
viduals <5 years old. Whenever the p value of these
interactions terms were <0.05, a separate analysis was
conducted for the associated area or age group. The effec-
tiveness of LLIN and IRS was tested at the individual and
cluster level, i.e., high coverage (>75 % population) versus
low coverage (<75 %). The protective effectiveness (PE)
of an intervention was defined as one minus the odds
ratio of the exposure to this intervention as described
previously [15].

Ethics, consent and permissions
The study followed ethical principles according to the
Helsinki Declaration. Informed consent was obtained
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from the individuals or the parents/tutors of the children
before inclusion. The protocol of the present study was
approved by the National Ethics Committee of the Min-
istry of Public Health of Madagascar (approval #CNE 57/
MSANP/CE, July 24th, 2012).

Results

Sampled population, malaria prevalence and intervention
coverage

The survey population included 18,921 individuals, and
of the 16,234 eligible individuals, 561 (3.5 %) refused to
be interviewed or sampled and 197 (1.2 %) had missing
data. Therefore, the final population was 15,476 individu-
als (Fig. 2). Overall, a PR of 3.6 % was observed, involving
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Fig. 2 Flow diagram
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Plasmodium falciparum in 99.6 % of cases. These results
were presented and discussed in a previous publica-
tion [5]. The median surface area of the study sites was
0.4 km? (interquartile range [IQR] 0.1-1.5 km?).

Factors associated with Plasmodium infection

All of the socio-demographic variables except household
permeability to mosquitoes and population density were
significantly associated with Plasmodium infection as
detected by RDT (Table 1).

Bed nets

The median age of LLIN was 24 months (IQR
12-36 months) and the median age of non-impregnated
bed nets (NIBN) was 37 months (IQR 24—72). Of the 54
sites in areas targeted for mass distribution of LLINS, the
PR was 3.9 %, and use of LLINs every night produced a
significant 35 % PE (95 % CI 14-51). Significant interac-
tions were not observed between the variables >5 years of
age and LLIN use; however, significant interactions were
observed between the southern transmission pattern
and LLIN use (p = 0.035), and separate analyses were
conducted. In the south, LLIN use was associated with
a significantly increased risk of infection (OR 4.45, 95 %
CI2.10-9.40; Additional file 2). In all other areas targeted
by LLIN distribution campaigns, the nightly use of LLINs
produced a significant PE of 41 % (95 % CI 23-54), and
the use of NIBN yielded a non-significant PE of 24 %
(95 % CI —5 to 45; Table 2; Additional file 2). In five of
54 sites, LLIN coverage reached 75 %; however, this high
coverage was not associated with additional community
protection.

Indoor residual spraying

In the 25 sites targeted by IRS campaigns (highlands,
fringe and south), the PR was 1.6 %, and membership
in a household with IRS afforded a small and non-sig-
nificant PE of 11 % (95 % CI —25 to 37). IRS coverage
was greater than 75 in 28 % (7/25) of the sites, includ-
ing one in the south. This high coverage yielded a sig-
nificant community PE of 78 % (95 % CI 44-81). No
significant interaction was observed between the varia-
bles <5 years old and IRS coverage; however, significant
interactions were observed for the southern transmis-
sion pattern (p = 0.014). In the south, sleeping in a
house that had received IRS during the previous year
and living in a site with high IRS coverage provided
significant PEs of 44 and 86 %, respectively (Table 2;
Additional file 3). In all other areas targeted by IRS
campaigns, IRS did not provide a PE at the household
level; however, high IRS coverage provided a significant
PE of 80 % at the community level (Table 2; Additional
file 3).
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Concurrent exposure to IRS and LLINs

In areas targeted by LLIN distribution and IRS cam-
paigns, the PR was 1.5 %. Based on the observed inter-
actions between the effectiveness of LLINs and the
southern transmission pattern, an analysis was con-
ducted in a subpopulation from 16 sites, excluding the
southern transmission pattern. In this group, IRS was
effective at the community level and not at the house-
hold level (Table 2); therefore, the former variable was
retained in the analysis. Using LLINs in a zone with high
IRS coverage provided a significant PE of 86 % (95 % CI
39-97; Table 2; Additional file 4). Living in a zone with
high IRS coverage but not using LLINs was still associ-
ated with a significant PE of 76 % (95 % CI 17-93). In this
subset, using LLINs in a zone with low IRS coverage pro-
duced a non-significant PE of 7 % only (95 % CI —49 to
42; Table 2).

Intermittent preventive treatment of pregnant women

In areas targeted by IPTp (i.e., all of the transmission pat-
terns except that of the central highlands), among 207
pregnant women (after the first trimester) and women
who had delivered the previous month, administration of
at least one dose of IPTp provided a non-significant PE
of 66 % (95 % CI —110 to 95; Table 2; Additional file 5).
The PR was 2.9 % in this subpopulation. No significant
interaction was observed between IPTp and transmission
pattern.

Information, education and communication campaigns

A high level of individual or caretaker exposure to
malaria IEC messages provided a non-significant PE of
2 % (95 % CI —40 to 31, p > 0.1). A significant interac-
tion was observed between the eastern and fringe trans-
mission patterns. In these areas, a high or very high
level of exposure to IEC yielded a significant 30 or 35 %
PE in bivariate analysis respectively, but the significance
dropped and PE decreased to 21 % (95 % CI —16 to 45)
and 24 % (95 % CI —37 to 57) respectively in multivari-
ate analysis (Table 2; Additional file 6). No PE of the IECs
was observed for the other sites.

An analysis of the media used for delivering IEC mes-
sages indicated that only MVU messages had a signifi-
cant PE of 92 % in the eastern and fringe transmission
patterns (95 % CI 42-99, p = 0.012, Additional file 7).
In these areas, exposure to a radio message (in the pre-
vious 4 months), televised message, and leaflet or press
article message were associated with non-significant PEs
of 45, 48, and 79 %, respectively, and messages delivered
on a poster or through another medium (hiragasy, pup-
pets, or theatre) showed no PE. In the rest of the coun-
try, exposure to a radio, MVU, or television message was
associated with non-significant PEs of 15, 22, and 26 %,
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Table 1 Bivariate and multivariate analyses of socio-demographic factors associated with RDT positivity (RDT +)

Variable/category N % RDT+ Bivariate Bivariate Multivariate Multivariate
Crude OR[95 % Cl] p Adj. OR[95 % Cl] p

Age group (years)
0-1 713 29 61[0.84-3.09] 0.155 9[0.80-3.14] 0.184
2-4 1720 33 1.97 [1.29-3.01] 0.002 4 [1.22-3.09] 0.005
5-9 2717 57 3.50 [2.57-4.77] <0.001 3.57[2.51-5.08] <0.001
10-14 2237 5.6 3.55[2.55-4.94] <0.001 379 [2.62-548] <0.001
15-19 1569 4.0 242 [1.76-3.34] <0.001 2.82[1.93-4.11] <0.001
20-39 3699 24 2[1.02-1.98] <0.001 1.56 [1.08-2.25] 0.018
> 40 2821 1.6 1.00 1.00

Sex
Male 6673 4.5 1.00 1.00
Female 8803 29 0.65 [0.55-0.76] <0.001 0.66 [0.55-0.80] <0.001

Education level
None or unknown 2627 5.1 1.87 [1.34-2.62] <0.001 1.95[1.20-3.16] 0.007
Primary 6493 4.2 2.06[1.51-2.82] <0.001 2.01[1.25-3.21] 0.004
Lower secondary 4302 26 148 [1.07-2.06] 0.019 1.46 [0.90-2.36] 0.124
Upper secondary/tertiary 2054 1.6 1.00 1.00

SES quintile
1st (poorest) 3095 6.2 1.51 [0.48-4.73] 0483 249 [1.49-4.14] <0.001
2nd 3101 4.7 1.88 [1.35-2.62] <0.001 2.26 [1.46-3.49] <0.001
3rd 3138 2.7 2.07[1.51-2.83] <0.001 1[0.98-2.31] 0.061
4th 3044 2.5 149 [1.07-2.06] 0.018 1.65[1.18-2.31] 0.003
5th (wealthiest) 3098 1.7 1.00 1.00

Household permeability quintiles
Tst (most perm.) 3054 6.1 1.35[0.91-2.01] 0.137
2nd 3141 40 1.29[0.90-1.85] 0.167
3rd 3000 35 1.30[0.96-1.76] 0.096
4th 3032 1.8 0.85[0.60-1.21] 0.367
5th (least perm.) 3249 24 1.00

Population density
Low (rural) 9729 43 1.17[0.50-2.77] 0.717 1.18[0.43-3.22] 0.745
Medium 4577 22 1.03 [0.41-2.62] 0.948 1.03 [0.38-2.77] 0.961
High (urban) 1170 2.7 1.00 1.00

Transmission pattern
East 3451 4.6 7.28[2.13-24.85] 0.002 11.29 [3.84-33.20] <0.001
West 6654 4.7 7.16[2.28-22.56] <0.001 9.32 [3.49-24.93] <0.001
South 957 30 4.491[0.82-24.49] 0.083 4.20[0.73-24.27] 0.109
Highlands 1984 1.5 2.23[0.65-7.63] 0.203 0.98 [0.18-5.39] 0.985
Fringe 2430 0.7 1.00 1.00

respectively, and messages delivered on a leaflet/article
or poster or through another medium produced no PE
(Additional file 7).

Discussion

These results show contrasting effectiveness among the
four MClIs studied. LLINs provided a 41 % PE in areas
where LLIN distribution campaigns occurred (except
for the southern sites), which is consistent with the PE

observed in efficacy studies [16, 17] and in a case—con-
trol study conducted concurrently in Madagascar [18].
The southern transmission pattern encompasses seven
health districts and is characterized by semi-arid weather,
a short rainy season, and cultural differences with the rest
of the country. In this region, LLIN use was associated
with an increased risk of infection, which may have been
due to an indication bias related to the local LLIN dis-
tribution policy or cultural habits. Although the national
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Table 2 Association between RDT positivity and MCl in bi- and multivariate analyses

MclI Area Variable Category N % RDT+ Bivariate Multivariate

CrudeOR[95% p Adj.*OR[95% p
(a]] Cl]

LLIN All targeted zones  Nightly bed net LLIN 6780 3.7 0.55 [0.45-0.67] <0.001 0.59[0.46-0.77] <0.001
excfﬁt the use NIBN 1364 37 072 [053-098] 0037 076[055-1.05] 0090
sou

None 4391 44 1.00 1.00
LLIN coverage <75% 11,327 37 1.00 1.00
>75% 1208 6.2 1.78 [0.50-6.34] 0371 1.82[0.51-6.49] 0.358

IRS Southern trans- IRS the previous  No 303 43 1.00 1.00

mission pattern  year Yes 654 24 056 [0.35-0.87] 0010 056 [035-0.89] 0014
IRS coverage <75% 708 3.7 1.00 1.00

>75 % 249 1.2 0.33[0.08-1.42] 0.136  0.14[0.03-0.61] 0.008
All targeted zones RS the previous ~ No 1736 1.1 1.00 1.00

exc‘flft the year Yes 3460 14 1.13[0.74-1.72] 0564 1.11[069-1.78] 0669

sou

IRS coverage <75% 3662 1.6 1.00 1.00

>75% 1534 06 0.36[0.12-1.12] 0.077 0.20[0.07-0.56] 0.002

LLINand IRS  All targeted zones  Nightly bed net  LLIN use and IRS 427 05 0.22 [0.04-1.23] 0.085 0.14[0.03-0.61] 0.009
except the use and/or IRS coverage >75 %
south coverage No LLIN use and 59 0.5 042 [0.10-1.82] 0.248 0.24[0.07-0.83] 0.024

IRS cover-
age >75 %
LLIN use and 1104 1.3 0.78 [0.44-1.37] 0.385 0.93[0.58-1.49] 0.764
IRS cover-
age <75%
NIBN use and 160 1.9 0.96 [0.08-11.71] 0.974 098 [0.09-10.67] 0.985
IRS cover-
age <75%
No bed net use 1650 14 1.00 1.00
and IRS cover-
age <75%
IPTp All targeted zones  >1 dose IPTp Yes 103 19 0.48[0.09-242] 0.370 0.34[0.05-2.10] 0.244
No 104 38 1.00 1.00
IEC Fringe and east Exposure to Low 2682 4.0 1.00 1.00
malaria [EC High 1779 26 0.70 [0.50-0.99] 0042 079[055-1.16] 0230
Very high 1413 1.7 0.65 [0.42-1.00] 0.050 0.76[0.43-1.34] 0.345
Whole country Exposure to Low 4623 38 1.00 1.00
?Xcem th; . malaria IEC High 2497 40 108[0.85-136] 0543 108[084-138] 0544
ringe and eas
E Very high 2432 35 0.98 [0.67-1.44] 0916 1.09[0.71-1.68] 0.695

* OR adjusted for age, gender, education, SES quintile, population density, and transmission pattern

strategy is supposed to be applied similarly in all regions,
local initiatives could have occurred. For example, LLINs
could have been directed to areas with a higher incidence
of clinical malaria, or preferentially distributed to house-
holds of patients consulting for malaria. It is also possi-
ble that intrafamilial redistribution of LLINs to members
most at risk of infection, e.g. feeble or sick individuals,
have caused or contributed to the indication bias. It was
not possible to know whether this bias hided an actual
efficacy of LLINSs in this areas, or if LLINs failed to pro-
tect users.

In the present study, a community PE for LLINs was
not observed, which may be explained by a decrease of
bioavailability of insecticides that are embedded in LLIN
fibres, at least partly. This rapid decline of insecticides
of LLINs in Madagascar has been observed previously
[19]. A decrease, or a complete loss, of insecticides would
indeed lead to a situation where the population of vectors
has recovered his capacity to transmit the parasite to indi-
viduals not covered by a bed net while LLINs would keep
an individual PE due to its barrier effect. The difference
in PE between LLINs and NIBNs may be explained by the
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older age of NIBNs that go together with more physical
damages, and/or by a residual insecticide effect—which
would be nevertheless insufficient to translate into a
community PE. It is also possible that the cut-off of 75 %
that was used to divide LLIN coverage into high and low
is not appropriate to demonstrate the community PE of
LLINs. Nevertheless, previous studies showed that com-
munity protection offered by vector control interventions
such as LLIN arises only when coverage reaches at least
50 %, and its value and significance increase with the cov-
erage [20], suggesting that setting a high cut-off, such as
75 %, increases the probability to detect a community PE.
Insect resistance to pyrethroids remains limited to a few
foci in Madagascar and can hardly explain the absence of
community PE for LLINs (Ratovonjato J. and Boyer S.,
personal communication, and [21]).

This study demonstrated a significant 44 % effective-
ness against Plasmodium infection in households cov-
ered by IRS; however, this result was limited to the
southern transmission pattern. This contrasts with the
results from a contemporaneous case—control study that
showed a 51 % PE in all transmission patterns [18]. The
previous IRS campaign occurred approximately 1 year
before the study, and this campaign would likely have
had a limited or no impact on the prevalence of Plasmo-
dium infections, except in the south where the duration
of Plasmodium transmission is shorter. Thus, fewer inter-
current infections would have occurred since the previ-
ous IRS campaign [22, 23]. This result may also be related
to the mechanism of IRS, which is more efficient at kill-
ing endophilic vectors (i.e., resting indoors after a blood
meal) than at preventing people sleeping in a sprayed
room from being bitten. Therefore, other authors have
proposed that the protection offered by IRS is more vis-
ible at the community level than at the household level
[24]. Indeed, these results showed an important and sig-
nificant community-level PE of 78 % for high IRS cov-
erage (>75 %). This PE is similar to the PE observed in
meta-analyses of efficacy studies against infection [17,
25]. The effectiveness of IRS could not be determined
by comparing the PR between sprayed and non-sprayed
areas in Madagascar because its deployment depends on
the transmission level, i.e., the PR.

These results provide information on the effectiveness
of distributing LLINs and performing IRS campaigns in
combination. IRS only demonstrated a PE at the house-
hold level in the southern transmission pattern, i.e.
precisely where the effectiveness of LLINs was not dem-
onstrated. If LLINs were indeed not protective in the
South, it is possible that IRS offset LLINs’ failure, which
resulted in an increase of its PE. This enhanced PE of IRS
might have been reinforced by a lower coverage of LLINs
in the South (43.6 versus 65.1 % in the East and 60.5 in
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the West, [5]) This sort of interference have been sug-
gested to explain the absence of additive effects in trials
[26, 27] or observational studies [28—30] aimed at evalu-
ating the efficacy or effectiveness of this combination of
MCIs. In the present study, in other areas where both
IRS and LLINs were deployed, the PE of high IRS cov-
erage was slightly increased for individuals using LLINS.
This suggests, on the contrary, that these MCIs could
have additive effects, as demonstrated in other trials [31,
32] or observational studies [4, 33]. Unfortunately, the
small number of RDT-positive habitants (n = 5) at the
sites with high IRS coverage brought down the statisti-
cal power of the analysis of the potential synergistic effect
of these two interventions. Therefore, the significance of
the difference of prevalence between the group benefit-
ting from the two MClIs and the groups covered by one
MCI only was not presented. Moreover, the use of LLINs
at sites with low IRS coverage produced a small and non-
significant PE, suggesting again that both MCIs could
interfere with each other and rarely demonstrate inde-
pendently its effectiveness in areas where the two MCls
are deployed. Overall, these results suggest that the effec-
tiveness of the two interventions are not independent
and that the interventions interact in a complex manner
[34]. Integrated vector control must be considered when-
ever the coverage or effectiveness of one single interven-
tion is questionable. In Madagascar, policy makers have
extended the target zones of IRS campaigns towards the
southern transmission pattern [35] where LLINs lacked
effectiveness, which is consistent with the findings pre-
sented here.

These results showed a non-significant PE of 21 and
24 % for high and very high IEC exposure, respectively,
against Plasmodium infection in two transmission pat-
terns. Only one medium (MVU) was found to be sig-
nificantly associated with reduced parasite infection in
these two areas, and its PE was surprisingly high (92 %).
Because the objective of IEC messages is to increase
adherence to preventive and curative interventions, these
behaviours are expected to reduce the individual likeli-
hood of infection [36]. The lack of significant PE for most
of the IEC media may be related to the smaller expected
impact of mass media relative to community mobili-
zation [36, 37] but may also be due to a lack of statisti-
cal power for detecting such a small PE. Because MVU
reaches zones accessible by car [5] where malaria trans-
mission might be lower, the apparently high PE of MVU
could be related to a non-controlled confounding factor.

The present study suggests an important (66 %) PE for
IPTp against malaria infection, although the value was not
significant because the analysis lacked power. IPTp is not
designed to reduce the transmission of malaria but rather
its burden in terms of maternal and neonatal morbidity
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and mortality. A contemporaneous case—control study
conducted in Madagascar suggested PE of 73 % [18].

Certain interventions, such as LLINs, have been shown
to offer significant protection to the young [38]; therefore,
it was tested whether this factor could have affected their
overall effectiveness. Results do not suggest that MCls
are more or less effective according to age. Significant
interactions were found between transmission patterns
and control interventions. However, these interactions
did not reflect the partition of the country into low versus
high transmission areas, which is inconsistent with meta-
analyses of efficacy studies possibly because these meta-
analyses focus on effectiveness against clinical outcomes
and not infection [16, 39] or due to the study sites, which
were smaller and more homogeneous in terms of malaria
transmission.

This study provides data on the effectiveness of MCls
against Plasmodium infection in the context of malaria
pre-elimination, which is part of the Malagasy health
policy [1]. PE values close to the values measured in con-
trolled efficacy trials indicate the preservation of MCI
efficacy but do not guarantee their impact on malaria
transmission and burden. The inappropriate delivery of
preventive interventions in terms of coverage and quality
may contribute to the resurgence of malaria [19].

A limitation of this study was the selection of study
sites, which was not random but centred on SHCs. Nev-
ertheless, the sample includes populations from all epi-
demiologic and sociocultural groups in Madagascar [5],
and analytical epidemiology does not require the sample
to be strictly representative [40]. The important variabil-
ity in transmission patterns and seasons throughout the
study may have interfered with the analysis, but the use
of multilevel models hopefully overcomes this drawback.
Another limitation is the use of RDTs for determining
parasite prevalence, instead of more sensitive techniques
like molecular biology. The probability for this limita-
tion to have induced a bias in the evaluation of the PE of
MCIs is low for several reasons. First, the validity of the
RDT used in this study was demonstrated in Madagascar
[41]. Then, since parasitaemia was a relatively rare event
(<5 % in all transmission patterns [5]), the proportion of
‘true negative’ in the RDT negative population is likely
considerable and virtually reclassifying the few ‘false neg-
ative’ individuals would not influence greatly the measure
of the PE. Finally, RDT miss sensitivity especially for indi-
viduals with low parasitaemia [42]; this low parasitaemia
may be related to a greater exposure to MCls as com-
pared with RDT positive individuals, thus false negative
individuals stand between ‘true positive’ and ‘true nega-
tive’ both in terms of parasitaemia and MCI exposure.
Therefore, the effect of the bias mentioned above might
be even more attenuated.
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This is the first comprehensive study measuring the post-
deployment effectiveness of a complete portfolio of MClIs
within even a single area let alone an entire country, and
it is the first study with this level of representativeness to
include all ages and genders. Other major advantages
include the large sample size and adjustment for socio-
economic factors. This survey design is critical for policy
making and impact forecasting because modelling studies
based on efficacy trials generally do not consider the com-
plexity and heterogeneity of Plasmodium transmission [15].

Conclusions

This study presents a unique countrywide and popula-
tion-wide survey designed to provide a complete snap-
shot of the effectiveness of all MClIs in Madagascar
during 2012-2013 with the objective of malaria pre-elim-
ination. A PE value for LLINs close to the PE observed
in controlled trials suggests that their efficacy is largely
preserved in Madagascar, except in one transmission pat-
tern. However, their community PE might be affected. If
a rapid loss of insecticide activity in LLIN fibres is con-
firmed, policy makers should consider more frequent dis-
tribution campaigns. Additional IRS campaigns are also
indicated where and when the effectiveness of LLINs is
questionable. Overall, these results confirm the impor-
tance of integrated vector control for malaria control pol-
icies in Madagascar. Nevertheless, policy makers should
adapt MCI strategies to social and epidemiological char-
acteristics at a subnational level. In particular, an effec-
tiveness analysis at the country scale and stratified for
local transmission patterns should be conducted wher-
ever MIS or similar data are available.
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