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Abstract.

Indoor residual spraying (IRS) has become an increasingly popular method of insecticide use for malaria

control, and many recent studies have reported on its effectiveness in reducing malaria burden in a single community or
region. There is a need for systematic review and integration of the published literature on IRS and the contextual
determining factors of its success in controlling malaria. This study reports the findings of a meta-regression analysis
based on 13 published studies, which were chosen from more than 400 articles through a systematic search and selection
process. The summary relative risk for reducing malaria prevalence was 0.38 (95% confidence interval = 0.31-0.46),
which indicated a risk reduction of 62%. However, an excessive degree of heterogeneity was found between the studies.
The meta-regression analysis indicates that IRS is more effective with high initial prevalence, multiple rounds of
spraying, use of DDT, and in regions with a combination of Plasmodium falciparum and P. vivax malaria.

INTRODUCTION

Despite progress in reducing the malaria burden over the
past half decade, malaria remains a leading cause of mortality
and morbidity in the developing world." The global incidence
of malaria was at a peak of 244 million cases in 2005, and it
decreased to 225 million cases in 2009, below the 233 million
incident cases in 2000.>® Mortality caused by malaria was
781,000 in 2009, compared with 860,000 in the previous year.
This significant decrease is attributed to a scale-up of global
malaria prevention efforts and funding. Despite these advances,
the number of malaria cases could rebound significantly without
continuing control efforts because areas with high malaria trans-
mission also have rapid population growth, resulting in large
at-risk populations.* Malaria control has historically been diffi-
cult in less developed nations because of lack of quality health
services and access to treatment and prevention methods. New
factors such as increasing insecticide resistance, drug resistance,
and war and civil disturbances add to these difficulties and
impede the efforts of public health workers and government
actions towards controlling malaria.’

Some of the most successful malaria prevention strategies
rely on controlling the mosquito vectors that transmit the
disease, such as the use of insecticides. Use of insecticides for
malaria control has seen a revival in recent years, in part
because of the technique of indoor residual spraying (IRS).
Indoor residual spraying involves careful, controlled spraying
of insecticides along the inside walls of a home or commu-
nity building. In 2006, the World Health Organization encour-
aged a scale-up in IRS methods for vector-borne disease
control and concurrently endorsed DDT for this technique.®
Of 108 malaria-burdened countries, 44 reported the use of
IRS and 12 of these countries used DDT.? There are 11 other
chemicals currently recommended by the World Health
Organization for use in IRS, including bendiocarb, malathion,
lambda-cyhalothrin, and alphacypermethrin.” In 2009, IRS
conferred protection from malaria to 75 million persons, or
10% of the population of Africa,> and contributed to the
decrease in this disease.
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A number of field studies have reported the effectiveness
of IRS in reducing malaria prevalence, but it is difficult to
generalize from any single study how effective IRS is at reduc-
ing malaria prevalence because various studies have shown
conflicting results. Aspects of geography, entomology, human
behavior, and community acceptance of the program could
contribute to why IRS is more successful in one community
than in another. Few researchers have attempted to quantify
the effects of IRS, even on a small scale, and fewer have
addressed what factors might be major versus minor contribu-
tors to the relative success or failure of IRS programs world-
wide. In addition, although there are many reviews arguing that
DDT is safe,*!! toxicity data from animal studies and recent
epidemiologic studies suggest that there may be previously
unrecognized long-term negative health consequences for
those exposed to insecticides, particularly DDT, even at the
low levels seen with IRS."?"'® This finding highlights the need
for a synthetic perspective on the effectiveness of IRS in reduc-
ing the malaria burden, which can be weighed against potential
harmful effects of exposure to those insecticides.

The goal of this study was to determine the overall effective-
ness of IRS in reducing malaria prevalence, and to gain infor-
mation on the different factors that may contribute to the
relative strength or weakness of the effect of IRS in different
scenarios, such as the characteristics of the population being
sampled and the spatial and temporal parameters of the study
site and spraying program design. A systematic literature
review was performed to synthesize information from a collec-
tion of published studies and identify a range of potential out-
comes and key factors that are different among these studies,
which enables greater generalizations to be made on the topic
than a single study alone.

In 2010, the Cochrane Collaboration published a review on
the effectiveness of IRS at preventing malaria.'” The criteria
for inclusion resulted in only six studies that were individually
analyzed, of an initial pool of 134 potentially relevant studies.
We expand upon the findings of the Cochrane Collaboration
literature review by widening the criteria for inclusion. We
included more studies despite larger differences between
these studies to obtain statistical power to better quantify the
effectiveness of IRS. We then used meta-regression analysis
techniques to synthesize and statistically analyze the results
and controlled differences across the included studies in terms
of the impacts of each covariate on IRS effectiveness. Unlike
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the Cochrane review, we limited our literature search to only
papers published in 2000 or later to minimize a confounding
effect by the papers that might represent IRS effectiveness
before insecticide resistance was a concern.

Meta-analysis technique has been widely used to integrate
the results of a group of empirical studies on the effectiveness
of various malaria control programs, such as the effectiveness
of insecticide-treated bed nets (ITNs) in reducing malaria
cases,”’ the effects of artesunate combinations for malaria
treatment,” and efficacy of ITNs and IRS on preventing
malaria mortality in children.”? However, no published meta-
analysis research that we are aware of has assessed the overall
impact of IRS programs in reducing malaria cases, and little
effort has been made to identify factors affecting program
effectiveness. Thus, we performed a meta-regression analysis
to provide insight on the overall impact of IRS interventions
and the factors that may have a significant effect on malaria
reduction through IRS. Meta-regression aims not only to sta-
tistically determine the extent of variation caused by system-
atic differences between the studies, such as type of study
design, but also to relate the effect magnitude and variation
to relevant characteristics, such as geographic region.> Meta-
regression analysis can drive future research towards better-
designed studies that more accurately capture reality, and
influence policy towards more science-based actions.

MATERIALS AND METHODS

The process used to search for literature and compile the
dataset before conducting the meta-regression analysis is
shown in Figure 1. In the first step, the following five elec-
tronic databases were searched and finds were restricted to
articles in peer-review journals within the last 10 years (publi-
cation years 2000-2010): Web of Science, Google Scholar,
PubMed, Science Direct, and WHOLIS. Key terms for this
initial search included malaria, indoor residual spray, IRS,
prevalence, and incidence. More than 400 articles were found
by this initial search. Limiting our search to papers published
in the past decade enabled us to ensure that all resulting
papers represented the effectiveness of IRS in a climate of
similar insecticide resistance.

In the second step, titles and abstracts were scanned for arti-
cles that fit three broad inclusion criteria: 1) observational (case—
control, cross-sectional, cohort) or experimental (randomized
control trial) study designs; 2) reported change in measurable
human health outcome caused by IRS interventions; and 3) a
study design that enabled measurement of effect of IRS alone
(i.e., not in combination with other interventions). Within the
bounds of the above criteria, we excluded papers that discussed
predictive modeling of IRS effect or reported the effect of IRS
on the mosquito population (rather than the human popula-
tion) or established and reported a baseline measure of malar-
ial outcomes in a region at a single point in time without
providing any comparison population or time-lapse measures.

Studies from all malaria-risk regions (Africa, Southeast
Asia, Central America, and South America) and all study
populations (children, women, refugee populations, rural, and
urban) were included if the above three criteria were met.
Several different measurable health outcomes were initially
included as appropriate, including anemia rates, malaria
parasitemia prevalence rates, mortality rates, and clinical
malaria incidence. However, all studies that met the other

criteria coincidentally focused on some form of measurement
of parasitemia (i.e., slide positivity rate, cases, prevalence or
incidence as verified by positive blood test results). A total of
31 studies were identified as potentially relevant by this initial
search of title and abstract.

In the third step, the 31 studies were retrieved and reviewed
to confirm they actually met the criteria stated above. We
collected and recorded detailed information on the study loca-
tion, study population, the intervention, and the health mea-
surements and effects. We also included some variables such as
insecticide type, frequency of spray, and total time between
initial spray and final monitoring. These factors are theoreti-
cally influential in the effectiveness of a campaign to reduce
malaria, regardless of human behavior within the community
towards malaria and health practices that might result in differ-
entlevels of health outcomes. If malaria parasitemia rates were
provided by the authors, this information was recorded. When
not reported, malaria parasitemia rates were calculated on the
basis of effects measurements and population sizes provided.

As a result of comparing the articles in full to the selection
criteria, 12 of the 31 studies were determined to be inappro-
priate for the analysis and were therefore omitted. Six of
these studies reported the effect of integrated vector manage-
ment (such as combined use of IRS and ITNs) or combined
introduction of preventative and treatment methods (such as
IRS and rapid diagnostic tests) in a way that it was not possi-
ble to attribute a proportion of the change to a single inter-
vention.”* Three studies did not measure human health
outcomes.**? Two studies did not measure a change caused
by IRS but rather established a baseline prevalence rate™ or a
change over time after termination of IRS.** Two studies
reported the same data but with a different focus of analysis;
one was included® and the other was excluded.*

In the fourth step, we recorded actual data points from the
19 selected studies associated with the numerical information
for the following covariates: endemicity status, population age
group, insecticide type, initial incidence, frequency of spray,
coverage rate, time post intervention, study size, study design
type, study location, and malaria species. This process pro-
duced 141 data points, but we found that more than half (77 of
141 data points) were from only three studies. To avoid any
overwhelming influence from a few studies, we kept only one
aggregated data point in cases in which multiple results were
reported within the same study site. In addition, we eliminated
data points from studies conducted outside Africa because
more than 90% of the data points were from studies in Africa,
and preliminary analysis confirmed that Africa versus a study
site outside Africa was not a significant factor in determining
IRS effectiveness. As a result, the final sample for the meta-
regression model includes 45 data points from the 13 studies.

In the fifth step, several covariates were reclassified and
new variables were included. This data manipulation was
conducted in a way that enabled a more straightforward anal-
ysis and interpretation. Relative risk (RR; also referred to as
risk ratio or incidence rate ratio) measures were recorded as
a typical indicator of the IRS effectiveness, but if not reported
in the papers, we calculated RR by using malaria incidence
data before and after the IRS treatment (for cohort studies),
or malaria cases from treatment and control groups (for ran-
domized control trials and cross-sectional studies). The initial
incidence variable was log-transformed to adjust its non-
linear and non-normal aspects in association with RRs.
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Step 1: Search databases by keywords

+ 5 databases: Web of Science, Google Scholar, PubMed, Science
Direct, WHOLIS

* Keywords: malaria, IRS, indoor residual spray, prevalence,
incidence

Y

Step 2: Include relevant articles by review of title and abstract
Exclude studies if: (a) published prior to 2000, (b) modeling or review

papers, (c) reported IRS impact on non-human outcomes such as
mosquito population, (d) reported only baseline measure (not change
by IRS), or (e) reported effects of combined interventions only

h 4

400+ articles found

h 4

Step 3: Include relevant articles by review of article body
Exclude studies if: (a) neither actual malaria cases nor numerical
effectiveness measures are reported for before/after or
treatment/control groups, (b) no sufficient numerical information is
provided to calculate quantitative impact of IRS on human health
outcomes, or (c) no uncertainty value or measure are provided

31 articles included

h 4

Step 4: Record all data points with selected covariates

Record data points if all following covariates are reported:
Endemicity, population age group, insecticide type, initial incidence,
frequency of spray, coverage rate, time post intervention, study size,
study design type, study location, malaria species

19 articles included
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A 4

h 4

141 data points recorded

Step 5: Finalize dataset for meta-regression analysis

reported within the same study site
e Choose only studies conducted in Africa

e Choose only one aggregated data point if multiple results are

45 data points

> in 13 articles
used for meta-regression

Ficure 1. Literature search and meta-regression analysis of reduction of malaria prevalence by indoor residual spraying.

The World Health Organization Recommended Insecticides
for IRS list was referenced to reduce the type of insecticide
variable from eight chemical names to four chemical classes.*’
This modification increased the sample size for each option
and simplified analysis because some papers reported use of
combinations of insecticides. For example, in the report by
Kleinschmidt and others,*® different insecticides were used
at different times, but those insecticides were all part of the
same chemical class. Likewise, the age group category con-
tained nine classifications among the 13 studies. To simplify
this classification, the two dummy variables under 5 and under
15 were created to emphasize the higher-risk nature of chil-
dren, but only the under 15 variable was included for the model
because of limited data. A dummy variable was also created for
malaria parasite type, where 1 represented only Plasmodium

falciparum, and 0 represented combinations of P. falciparum
and P. vivax. Another dummy variable was created for the
studies with multiple rounds of IRS spraying. Lastly, two
dummy variables were created to indicate the cohort-based
studies and the randomized controlled trials compared with
the cross-sectional studies as baseline. Data were organized by
using Excel (Microsoft, Redmond, WA) and statistical analysis
was performed by using STATA 10 software (StataCorp LP,
College Station, TX).

RESULTS

Descriptive statistics. A summary of the final 13 publica-
tions included in the meta-regression analysis is shown in
Table 1. Among the 13 studies selected for meta-regression
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TaBLE 1

Summary of studies included in meta-regression of reduction of
malaria prevalence by indoor residual spraying

Variable All responses (no.)

Study location Equatorial Guinea (3), Kenya (2),
Madagascar (2), Mozambique (2),
Democratic Republic of Sao Tome
and Principle (1), Eritrea (1),
Sudan (1), Uganda (1), Zambia (1)

Cohort (7), cross-sectional (4),
randomized control trials (2)

Plasmodium falciparum (10),

P. falciparum/vivax (3)

Pyrethroid (6), organochlorine: DDT (4),
carbamate-bendiocarb (2),
organophosphate: malathion (1)

Study type
Malaria species

Insecticide type,
chemical class

analysis, two studies were randomized control trials (RCTs),**

four were cross-sectional studies comparing malaria parasitemia
rates in a population that lived in IRS-covered homes to
another group that did not*>*™** and seven were cohort
studies that assessed the parasitemia rate before IRS inter-
vention and again at a certain time after IRS.**** This clas-
sification resulted in seven observations from RCTs (16%),
20 observations from cross-sectional studies (44%), and
18 observations from cohort studies (40%).

Of the 13 studies, 10 addressed malaria caused only by
P. falciparum (34 observations, 76%). Three studies identified
malaria caused by P. falciparum and P. vivax. However, when
reported, P. falciparum accounted for most (74-90%) of infec-
tions in these studies. Studies reported on interventions that
used four different insecticide types by chemical class. Pyre-
throids were the most common insecticide class, used in 6 of
the 13 studies (18 observations, 40%). This class included
lambda-cyhalothrin, deltamethrin, and alphacypermethrin.
Organochlorines, which were represented only by DDT, were
used in four studies and produced eight observations, and car-
bamates, which were represented only by bendiocarb, were
used only in two studies and produced 16 observations. Organ-
ophosphates, which were represented only by malathion, were
used in one study.

The average number of spray rounds per study was 2.8
(range = 1-12). The length of time an RCT or cohort study
proceeded after the first insecticide spray, or the number of
months post-spray that a cross-sectional survey was conducted,
ranged from 2 to 72 months (6 years), but the middle 50% of
data ranged from 8 to 36 months.

The mean study size was 8,656 participants. However, study
size ranged from 93 to 48,715, and the middle 50% ranged from
1,058 to 11,775 persons. A total of 87% of the observations
were in children less than 15 years of age, but only 13% of all
observations were exclusively in children less than five years
of age. None of the 13 studies addressed a population of preg-
nant women. We found only one study focusing on malaria
burden in pregnancy (Step 2 in Figure 1), but this study could
not be included in the analysis because it did not separate the
impact of IRS from the impact of other interventions.**

Meta-regression analysis. In the 13 studies, we assessed the
effectiveness of IRS spraying in reducing malaria prevalence
in terms of RR. A forest plot that illustrates the contribution
of each study to the random effects meta-regression analysis
is shown in Figure 2. Relative weight of each study is shown
by the area of a box whose midpoint represents the size of the

RR estimated from each study.*® Unlike a fixed effect model,
the size of weights appears well distributed across all included
studies because we conducted random effects analysis. The
plot shows not only the summary RRs for each of the 13 studies,
but also the combined RR of 0.38, indicating a reduction in
malaria prevalence of 62% caused by IRS implementation
(95% confidence interval = 0.31-0.46).

There was significant heterogeneity in the magnitude of the
effect of IRS (i.e., RR) between the 13 studies (heterogeneity
x* = 1,488.12, P = 0.0001). The largest reported effect was
found in the study by Romi and others,” in which an RR for
malaria prevalence between the groups with and without cov-
erage by IRS was 0.01 (95% confidence interval = 0.01-0.02),
which represented a reduction of 99%. Conversely, the RRs
were only approximately 0.9 the study by Charlwood,>* which
indicated a reduction of malaria of only 10%. Thus, we
learned from this meta-regression analysis that the IRS effect
in reducing malaria prevalence is strong and statistically sig-
nificant (P < 0.001), but the excessive degree of heterogeneity
raises concern over determining to which populations and
situations this finding applies. Therefore, we performed a
meta-regression analysis using 45 observations to explore fac-
tors to explain this heterogeneity by a systematic investigation
of whether and how much the IRS effect was affected by
study design, target group characteristics, or various spraying
program factors.

Meta-regression. Several meta-regression models were con-
structed. The best-fit model is shown in Table 2. Among the
potential predictor covariates described above, the following var-
iables had positive influences on the RR: use of organophosphate
class insecticide (binary), use of carbamate class insecticide
(binary), P. falciparum-caused malaria only (binary), cross-
sectional study design (binary), and cohort study design (binary).
Significant negative predictors included log-transformed propor-
tion of study population with malaria before intervention (contin-
uous), use of multiple rounds of spraying (binary), and use of
organochlorine insecticide (binary). Various age-related vari-
ables such as age under 15 years were used in the model but none
were significant at the 10% significance level. We also found that
sample size was not a significant predictor of the IRS impact on
reduction of malaria prevalence.

Opverall, the meta-regression results can be interpreted as
follows. First, starting prevalence of malaria has a significant
negative effect on RR, meaning that higher starting preva-
lence results in lower log-transformed RR. This finding indi-
cates that IRS is more effective in communities with higher
starting prevalence of malaria. Second, studies with a multiple
spraying schedule also have a significantly negative effect on
RR for studies with a one-time spray, meaning that IRS seems
to be more effective when sprayed multiple times over a long
period. Third, the organochlorine class, which is simply DDT,
is more effective for IRS at reducing malaria than the pyre-
throid class (omitted in the model as baseline) on the basis of
a negative coefficient. However, the organophosphates and
carbamate classes have a positive coefficient, meaning that
they are less effective than pyrethroids. We can therefore
assume a ranking of insecticide types from most to least effec-
tive as follows: DDT, pyrethroids, carbamate, and organo-
phosphates. Fourth, studies addressing only P. falciparum
malaria are positively associated with RR, meaning that IRS
is less effective against P. falciparum malaria (or in regions
where only P. falciparum is present) than in studies in which



REDUCTION OF MALARIA PREVALENCE BY IRS 121

Study

Bukirwa (2009)
Charlwood (2001)
Guyatt (2002)
Jambou (2001) ——
Kleinschmidt (2006)

Kleinschmidt (2009)

Romi (2002)
Sharp (2002)
Sharp (2007) *
Sintasath (2005)
Tseng (2008)

Zhou (2010) ——

Overall (I-squared = 99.2%, p = 0.000) @
i
|
NOTE: Weights are from random effects analysis 1

1

I
I
I
I
I
I
I
|
I
1
Pardo (2006) | -
I
I
I
I
|
I
I
I
I
I

%

RR (95% CI) Weight
0.67 (0.65, 0.69) 9.46
0.90 (0.87, 0.92) 9.46
0.27 (0.10, 0.68) 3.04
0.19 (0.16, 0.24) 8.63
0.67 (0.63, 0.72) 9.36
0.82 (0.80, 0.84) 9.46
0.69 (0.51, 0.93) 7.80
0.01 (0.01, 0.02) 471
0.73 (0.68, 0.78) 9.37
0.27 (0.25, 0.29) 9.35
0.25 (0.14, 0.45) 5.29
0.13 (0.08, 0.19) 6.86
0.33 (0.23, 0.47) 7.21
0.38 (0.31, 0.46) 100.00

FiGure 2. Forest plot of the meta-regression analysis of relative risk (pooled effect estimate is from a random-effects model) of reduction of

malaria prevalence by indoor residual spraying.

there was a combination of P. falciparum and P. vivax. This
result seems consistent with the findings from the literature that
P. falciparum malaria is associated with the greatest malaria
mortality and intensity of transmission in Africa compared with
P. vivax malaria, which is more prevalent in Southeast Asia and
the Western Pacific.”® Finally and more importantly, we con-
trolled for any effect of the study design in the meta-regression
and found that variables indicating cross sectional studies and
cohort studies (randomized control trials as baseline) have pos-
itive coefficients, suggesting that these study designs found IRS
to be less effective than the randomized control trials, when
other factors are controlled.

DISCUSSION

Indoor residual spraying is considered to be one of the most
promising technologies for achieving reductions in global
malaria burden.” The results of this meta-regression analysis
imply that IRS is significantly effective in decreasing preva-
lence of malaria parasitemia in a community by approxi-
mately 62% on the basis of aggregation of data from studies
with RRs, although an excessive degree of heterogeneity was
found between the studies. Much work is needed in terms of
experimental evaluations of IRS effectiveness and monitoring
and evaluation of IRS programs to ensure widespread success
with implementation of this approach to vector control.

Descriptive statistics of a set of the included studies identi-
fied areas where academic research and applied public health
are misaligned. The World Health Organization reported that
38 of the 108 countries with malaria showed significant suc-
cesses toward reducing malaria burden during 2000-2008,”

TABLE 2

Meta-regression results (n = 45) of reduction of malaria prevalence
by indoor residual spraying*

Covariate (dependent variable = log RR) Coefficient (95% confidence interval)

—0.447 (-0.736 to —0.158)}

Log of initial prevalence (proportion
of study population with malaria
before intervention)

Multiple rounds of spraying
(1 =yes, 0 =no)

Total sample size

—-1.911 (-2.632 to —-1.191)}

0.000003

(~0.000037 to 0.000043)
Use of organochlorine class insecticide ~ —0.918 (—1.843 to 0.006)#
Use of organophosphate class insecticide 2.610 (0.041 to 5.179)§
Use of carbamate class insecticide 1.426 (0.589 to 2.263)7
Child less than 15 years of age —0.487 (-1.307 to 0.333)
Plasmodium falciparum only 1.052 (0.412 to 1.691)+
Cross-sectional study design 2.269 (1.275 to 3.264)F
Cohort study design 1.404 (0.260 to 2.547)§
Constant -3.076 (-4.182 to —1.969) ¥

* Adjusted R? = 0.786; t = 0.2255. RR = relative risk.
$P<0.01.

£P<0.1.

§P<0.05.
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but only 5 of these 38 countries were represented in the litera-
ture review. It is important to determine how many other coun-
tries among these 38 have been using IRS as part of their
prevention plan because we believe that the effectiveness of
IRS needs to be discussed not just in terms of a single community
impact, but also within a context of global control efforts.
Moreover, the initial body of literature we found by key word
search resulted in representation of only 13 countries, 11 in sub-
Saharan Africa. There are 108 countries with malaria world-
wide, 44 of which use IRS. Of those 44 countries, 19, less than
half, are in Africa.” Although approximately 85% of malaria
prevalence occurs in Africa (approximately 208 million cases),
there are significant percentages of the global burden in coun-
tries in Latin America, South America, and the eastern Mediter-
ranean, and IRS is used in many of these countries.”> For
example, Brazil has more than half of the malaria cases in the
Western Hemisphere, more than 300,000 cases annually,>* and
considers IRS a primary vector control intervention.> Research
on IRS efficacy needs to be expanded and locations need to be
diversified. There are many untapped opportunities for signifi-
cant advancements in research on the impact of IRS programs
across varied communities and landscapes.

We also found that DDT was used in only 30% (4 of 13) of
the studies in our analysis, which is consistent with the WHO
report that only 12 of 44 malaria-endemic countries using IRS
have used DDT for their spraying intervention.? Although the
controversy over the risks and benefits of DDT draws much
public interest to the topic and thus to scientific interest in the
use of DDT, our results further support the fact that public
health practices have continued to emphasize insecticides
other than DDT.

The results from the meta-regression analysis provide some
interesting information that can help governments direct their
strategic plans, and aid non-government organizations in man-
aging existing or developing new projects. For instance, the
relationship between IRS effectiveness and starting prevalence
shows that programs in communities with higher initial malaria
rates might benefit more from IRS than communities with
lower initial malaria rates. Considering that one would expect
to see a larger proportional reduction in prevalence when the
initial prevalence is lower,” this finding seems quite interest-
ing but needs careful interpretation. Indoor residual spraying
is an expensive method for malaria control, requiring major
coordination efforts between the funding agencies, implemen-
tation agencies, and communities receiving treatment. In addi-
tion, precautionary steps must be taken when using insecticides
to protect humans and the environment from adverse effects,
which require major efforts in education of workers and the
community. The controversial impacts of accidental environ-
mental contamination also present potential national and inter-
national public policy concerns. Identifying regions that might
benefit more from an IRS campaign, such as areas with a
higher initial malaria prevalence, can serve to target a limited
amount of resources towards a maximum impact.

Recently, many countries have indicated a desire to use DDT
in their national malaria strategies, despite known environmen-
tal and suspected human health consequences (Mwita A,
unpublished data). Our meta-regression results show that DDT
is more effective at reducing malaria prevalence than pyre-
throids or other insecticides. These findings could serve to
change the cost-benefit analysis of DDT use on a local or
regional scale, and should be considered in areas with severe

malaria burden. In addition, we found from the meta-regression
analysis that IRS is more effective when multiple rounds of
spraying are administered in a community where P. falciparum
and P. vivax malaria is more prevalent. These findings could also
inform the malaria control program officials in malaria-endemic
countries on the efficient allocation of limited resources for
maximum impact.

Our meta-regression analysis attempts to integrate the
results of different study designs, including randomized con-
trol trials, cohort studies (i.e., before-after studies), and cross-
sectional studies. Although we realize that it is challenging to
directly compare the results of these studies because of
unique aspects in study design and outcome measurements,
our meta-regression analysis includes binary variables, indi-
cating that the magnitude of IRS effectiveness appears to be
significantly different among study design types; RCT studies
have the largest effects and cross-sectional studies have the
smallest effects. This information can serve as a guide to
health policy makers and malaria control program officials
for a better interpretation and use of various results of IRS
effectiveness across different study designs.

The results of the meta-regression analysis are limited by
the available literature. With only 13 studies published in the
past 10 years, an obvious conclusion is that there simply is not
enough information available to confidently determine the
current nature and magnitude of the effect of programmatic
variables on malaria prevalence. The meta-regression model
is suggestive but cannot capture the full variation within the
data set. This finding indicates that there may be additional
important programmatic factors we should consider, which
would require more extensive monitoring and record keeping
during IRS effectiveness studies. For example, the amount of
rainfall within the months before and after spraying could
result in changes to the size of the mosquito population and
would likely affect residual insecticide action. Differences in
rainfall and temperature could also indicate human behav-
ioral changes, such as the relative amount of time spent inside
the residence. This finding could alter the personal contact
with the mosquito vector. Such variables would have effects
at such a micro scale, both spatially and temporally, that one
cannot merge information from other databases on annual or
monthly averages to get a valid proxy. The information
should be collected at the time of the study to truly model
what is occurring.

In addition, most of the existing IRS studies failed to con-
sider the time spent outside the protected home or building.
Different study populations, and even different persons within
the same study, could have different levels of exposure to
mosquito vectors outside the home. Assumptions that persons
are adequately and equally protected because they live in a
sprayed home or community may prove incorrect when more
is known about their movements throughout a community or
region. Analysis of mosquito exposure on an individual level
might result in changes that alter calculations of odds ratios.

Reduction of malaria prevalence by ITNs was reported as
24% according to a meta-analysis paper published in 1995.2°
An updated meta-analysis study for ITNs using the recent
literature would enable direct comparison with findings from
1995, and demonstrate how much the effectiveness of the
ITNs has changed. However, our finding for the overall IRS
effectiveness of 62% implies that the effectiveness of vector
control methods has improved substantially during the past
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decade, despite increasing insecticide resistance. Further-
more, it would be useful to conduct a meta-regression analysis
for the combined effectiveness of IRS and ITNs on malaria
prevalence reduction, in view of recent interest in determin-
ing whether there is any additional benefit of combining the
use IRS and I'TNs in the same households.

In conclusion, to translate the promise of IRS technology
into wider application, we need a better understanding of the
situational contexts behind different success levels of IRS
campaigns. The literature review and meta-regression analy-
sis reported in this paper provide a start toward better under-
standing. To better inform future malaria control policy and
actions, more monitoring and evaluation of IRS campaigns is
necessary to provide a full picture of how much IRS can
impact malaria burdens and what factors are determining
IRS effectiveness.
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