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Numerous trials have evaluated the effectiveness of mass drug
administration (MDA) in rapidly reducing malaria transmission, butitis
unknown whether the estimated effects generalize to other populations
eligible for MDA. A recent cluster randomized trial in Senegal found that
MDA reduced malariaincidence by 55% in areas that routinely deploy
seasonal malaria chemoprevention (SMC). Here, we used transportability
models with machine learning to generalize trial effects to 116 non-trial
communes where SMCis the standard of care. Accounting for differences
inweather, vegetation and population density between trial and non-trial
areas, we estimated considerable reductions inincidence (ranging from
36% to 65%) in 74 non-trial communes, with larger decreases in areas having
higher precipitation, denser vegetation and lower temperatures. We
found that MDA was not effective in the postintervention year in non-trial
communes, supporting the notion that MDA’s effects are short-lived.

Our approach offers ascalable framework for generalizing trial findings to
target environmentally mediated infectious disease interventions.

Malaria remains a major global public health burden, with an esti-
mated 263 million cases and 597,000 attributable deaths in 2023
(ref.1). Despite considerable advancesinreducing the disease burden,
progress towards malaria elimination has stalled. This stagnation has
been particularly pronouncedin countries with moderate to high trans-
mission’, where more intensive or new strategies may be required to
accelerate progress.

Mass drug administration (MDA) has regained attention as a
potential strategy to accelerate progress towards malaria elimination.

MDA involves administering a full treatment course of antima-
larials to allindividuals within a defined geographical area, regardless
of their infection status, with the frequency and duration of rounds
tailored to the intervention’s goal—that is, to either rapidly reduce
the burden or interrupt transmission. To date, 12 cluster randomized
controlled trials have evaluated MDA for transmission reduction”*,
including 4 trials conducted in moderate to high transmission
settings® . Arecent meta-analysis of ten of these trials’ reported mixed
findings regarding the effectiveness of MDA, with most reporting only
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Fig.1|Intervention distribution and weekly malaria incidence over time
during the preintervention, intervention and postintervention years.
Weekly malariaincidence rates (cases per 1,000 population per week)
inmass drug administration (MDA) intervention and control villages,

January 2020-January 2023. Vertical bars indicate timing of seasonal malaria
chemoprevention (SMC) rounds (all villages) and MDA rounds (intervention
villages only). Arrows denote key study milestones including PBO net
distribution, baseline survey and census rounds.

short-termreductionsinincidence and/or prevalence in very low to low
transmission settings®*. Consistent with these findings, mathematical
models also suggest that the effects of MDA are probably time-limited
and highly context-dependent’. As such, the World Health Organization
(WHO) recommends MDA for very low to low transmission settings but
not for moderate or high transmission settings due to low certainty
of evidence®.

Although numerous cluster randomized trials and meta-analyses
have evaluated the effectiveness of MDA>’, the generalizability of their
results to broader settings remains unclear. While cluster randomized
trials are inherently designed to yield internally valid estimates (by
minimizing confounding through randomization), they may offer
limited external validity for two key reasons. First, cluster randomized
trials typically estimate treatment effects as the average differences
betweenintervention and control clusters. This approach may obscure
meaningful heterogeneity in intervention impact, especially when
contextual factors such as transmission intensity, vector ecology or
human mobility vary across clusters'® ", Second, cluster randomized
trials often include a limited number of clusters and impose strict eli-
gibility criteriato facilitate operational feasibility, enrolment, statisti-
cal power, intervention delivery and follow-up®, which can constrain
generalizability. These limitations carry over to meta-analyses, which
pool datafrom numerous trials to increase statistical power. However,
most of these trials are conducted in alimited number of settings and
may not represent the target populations to which the interventions
would be applied. Asaresult, the pooled effect estimates, which form
the basis for WHO policies, may have low external validity. Because
MDA'’s effectiveness may be highly context-dependent, understanding
thedrivers of heterogeneity in effectiveness is critical to identifying key
areas where MDA could be targeted to maximize its cost-effectiveness,
a priority outlined by the WHO Global Technical Strategy for Malaria
2016-2030 (ref.14).

Inrecent years, transportability models have been developed in
the causalinference literature to assess the external validity of studies
by extrapolating intervention effect estimates from trials to external
target populations®. These models require data on factors that modify
the intervention effect (that is, ‘effect modifiers’) and differ in distri-
bution between trial and target populations'. A key advantage of this
approachisthatitdoesnotstrictly require outcome data (for example,

malariaincidence or prevalence) from the external target population.
Instead, transportability models use information on the distribution
of effect modifiersin both the study and target (non-trial) populations
to estimate intervention effects beyond the original study setting. For
environmentally mediated infections such as malaria, fine-scale remote
sensing data haveimmense potential as asource of effect modifier data
intransportability analyses. Moreover, remote sensing data are widely
available, typically free of charge, cover large geographical areas, and
offer high spatial and temporal resolution, making them well suited for
transporting intervention effects across entire countries and regions.

Transportability models are complementary to mathematical
models, which the WHO recommends for informing data-driven sub-
national targeting of interventions'. Mathematical modelsintegrate a
mechanisticunderstanding of transmission dynamics to simulate the
potentialimpacts of interventions under various scenarios. However,
they often rely on strong assumptions and parameter inputs that are
difficult to validate and may not accurately reflect local conditions".
Further, competing models often produce substantially different
intervention effect estimates’. As a result, the findings might not
hold in populations with differing epidemiological or entomological
characteristics'. Conversely, transportability analyses leverage real-
world trial data and localized effect modifier data to estimate inter-
vention effects in new populations, thereby providing an additional
framework to inform the targeting and tailoring of interventions for
maximum benefit.

Here, we transport the effects of MDA estimated from a recent
cluster randomized trial in Senegal® to non-trial areas of Senegal where
seasonal malariachemoprevention (SMC) is offered as the standard of
care.Our goal wasto characterize geographical areas where MDA may
be more or less effective, accounting for differences in environmental
and demographic variables.

Results

Original trial results

We conducted asecondary analysis of atwo-arm, cluster randomized
controlled trial evaluating the impact of MDA on malaria transmission
(NCT04864444)*. The trial was conducted from September 2020 to
December 2022 in alow to moderate transmission setting in south-
eastern Senegal. Sixty villages were assigned to receive either the
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Fig. 2| Heterogeneous effects of MDA during the intervention and
postintervention years. Point estimates represent adjusted incidence ratios
from subgroup analyses comparing the impact of MDA on malariaincidence
during the intervention year (left) and the postintervention year (right) across
potential spatial, environmental and demographic effect modifiers. For
commune subgroup analyses, incidence ratios compare the incidence between
the MDA arm and the control arm. Other effect modifiers were coded as binary
indicators for values above or below the medianina given year. Analyses were
performed at the cluster level. The analysis dataset included the preintervention,
intervention and postintervention years (n =3 years), with 60 clusters (30 per arm)
per year (n=180 clusters in total). Horizontal bars indicate 95% Cls computed
using robust standard errors. In the postintervention year, the lower bound for
Sinthiou Maleme was imputed for clarity of visualization; the estimated value
was -104%. Incidence ratios were adjusted for the timing of case detection
relative to the full PECADOM+ scale-up, as in the original trial analysis.

intervention or control using stratified, constrained randomization. In
intervention villages, individuals aged >3 monthsreceived three rounds
of MDA with dihydroartemisinin-piperaquine plus a single low dose
of primaquine every 6 weeks, starting on 21June 2021—-approximately
1 month before the transmission season (July-December)—to clear
the parasite reservoir. In control villages, children aged 3-120 months
received standard-of-care SMC with sulfadoxine-pyrimethamine plus
amodiaquine every 4 weeks, starting at the presumed beginning of
the transmission season (30 July 2021). MDA was implemented for 1
year (2021), after which all villages resumed SMC in 2022. Before the
intervention, all villages received pyrethroid-piperonyl butoxide (PBO)
bed nets at high coverage (-98%)*. The timeline of study activities is
showninFig. 1.

Duringtheinterventionyear (2021), environmental variables and
travel time to the nearest health facility were well balanced between
thearms (Supplementary Appendix1). Population density was higher
in control villages than in those receiving MDA. Median village-level
coverage was 68%,73% and 74% across the three MDA rounds, and 93%,

92% and 92% across the three SMC rounds. In the original trial, MDA
reduced clinical malaria incidence by 55% (95% confidence interval
(CI): 28%, 71%) during the transmission season of the intervention
year (July-December 2021) and by 26% (95% CI: -17%, 53%) in the fol-
lowing transmission season (July-December 2022), when all villages
resumed SMC*.

Effect heterogeneity within trial clusters

To identify candidate effect modifiers for transportability analyses,
we assessed whether MDA's effects varied by spatial, environmental
and demographic factors (Fig. 2). Effect modification was assessed
onboththe multiplicative and additive scales (Supplementary Appen-
dixes 2-4)". Spatial variation was assessed by estimating effects at the
commune level—the smallest standard administrative unit used for
public planning in Senegal and the scale at which trial estimates were
transported. Environmental variables were lagged by 1-3 months to
account for delayed impacts on vector breeding, survival and biting.

Across the four communes that encompassed trial villages (Kous-
sanar, Sinthiou Maleme, Netteboulou and Missirah), we observed
substantial heterogeneity in MDA’s effects (Fig. 2 and Supplementary
Appendix 2). During the intervention year (2021), the effect sizesin the
three southernmost communes (Sinthiou Maleme, Netteboulou and
Missirah) were greater than the overall effect estimate in the original
trial (percentage reduction: 55% (95% Cl: 28%, 71%)*). In Netteboulou,
the percentage reduction in malaria incidence was 70% (95% Cl: 58%,
79%). In Sinthiou Maleme and Missirah, the estimated impact of MDA
was areduction of approximately 60%, although the 95% Cls included
the null. In the postintervention year (2022), MDA did not have a sta-
tistically significant impact on incidence (similar to the original trial
estimate), except in the southernmost commune of Missirah (54%
(95% Cl: 21%, 73%) versus 26% (95% Cl: -17%, 53%)*). Tests of interaction
between commune and treatment arm did not reach the 0.05 threshold
for statistical significance on either the ratio or additive scales in 2021
(Supplementary Appendix 3). In 2022, evidence of interaction was
found on the ratio scale in Netteboulou and Missirah and on the addi-
tive scale in Missirah (Supplementary Appendix 4).

Next, we linked village centroids to publicly available remote
sensing datato examine heterogeneity inintervention effects by tem-
perature, precipitation, enhanced vegetationindex (EVI), population
density, night-time lights and travel time to the nearest health facility.
These variables were selected a priori based on the hypothesis that
they may modify MDA'’s effectiveness: environmental conditions are
known to influence malaria transmission dynamics; travel time to a
health facility may serve as a proxy for MDA coverage in real-world
implementation settings; and night-time light radiance may reflect
underlying household socioeconomic status. For each variable, we
conducted stratified analyses based on cluster values that fellabove or
below the median (Fig. 2 and Supplementary Appendix 2). During the
intervention year, MDA was more effective in areas with below-median
mean temperature levels (additive scaleinteraction P= 0.072 for mean
daytime temperature and 0.107 for mean night-time temperature)
(Supplementary Appendix 3). In both the intervention and postint-
ervention years, MDA was more effective in areas with above-median
population density (ratioscaleinteraction P=0.020in2021and 0.091
in 2022) and below-median proportion of the population aged under
10 years (ratio scale interaction P=0.048 in 2021 and 0.008 in 2022)
(Supplementary Appendixes 3 and 4).

Heterogeneity of environmental and demographic
characteristics across Senegal

To assess the potential for transporting trial findings across Senegal,
we examined the spatial heterogeneity of potential effect modifiers at
the nationallevel. For each commune, we mapped mean values during
the2021and 2022 transmission seasons (Fig.3). Communes where SMC
was routinelyimplemented had lower mean temperatures, night-time
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Fig. 3| Maps depicting areas routinely implementing SMC, the locations of
trial villages, and variations in environmental and demographic covariates.
a, Areas where SMC was routinely implemented in Senegal during the trial
period (grey-shaded areas) and the 60 clusters included in the original trial
(green points). b, Trial villages (green points) nested within the four communes
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malariain2021-2022, extracted from the Malaria Atlas Project. d-k, Variables
used to assess effect heterogeneity, including environmental variables (d-f),
demographic variables (g-i) and travel time (in minutes) by driving (j) or walking
(k) to the nearest health facility. Values are shown as the mean for each commune
during the July-December transmission seasons of 2021 and 2022. Basemap from
GADM (https://gadm.org/).

light radiance and population density, but higher total precipitation
and EVI, compared withcommunes where SMC was notimplemented.
Within SMC-implementing areas, population density exhibited the
greatest spatial variability between communes (coefficient of varia-
tion (CV) =109). CVs for motorized travel time to the nearest health
facility, night-time lights, walking time to the nearest health facility,
mean precipitation, EVI, daytime temperature and the proportion of
the population aged <10 years were 70, 67, 65, 26,18, 9 and 6, respec-
tively. The extent to which the values of effect modifiers at the trial site
were similar to those at non-trial sites varied by follow-up month. For
example, EVIand precipitation were higher at the trial site than at most
non-trial sites fromJuly to September, but lower during other months
(Supplementary Appendix 5).

Transporting MDA’s effects to non-trial areas

To estimate the impact of MDA in areas beyond the trial’s geographi-
cal footprint, we conducted transportability analyses using a doubly
robust modelling approach?’. This method treats trial clusters as a
sample of a broader target population, defined here as communes in

Senegal where SMC is implemented as the standard of care. A sche-
matic overview of the transportability framework is shown in Fig. 4.
Because the trial was conducted under conditions of high vector control
coverage, prompt malaria case management and robust surveillance,
the transported effect estimates assume comparable programmatic
conditions between the trial and non-trial areas.

Ofthe 433 communes in Senegal, 129 were eligible for transport-
ability analyses (Supplementary Appendix 6). Of these, four communes
(Koussanar, Sinthiou Maleme, Netteboulou and Missirah) included trial
villages. Communes were excluded if SMC was notimplemented as the
standard of care (n=247) and/or if the population density exceeded
that of the trial site (>152 people per 100 m?) (n = 57). The distributions
of most potential effect modifiers overlapped betweenthe trial clusters
and the 129 eligible non-trial communes (Supplementary Appendix 7).
The effect modifiers included in the transportability models were
precipitation, temperature, EVI and population age distribution (see
details in the Methods).

Our doubly robust modelling approach relied on two compo-
nents. First, for each commune, we fitted a model to estimate the
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probability that the commune would have beenincludedinthe trial at
month tbased onits effect modifier values. The predicted probabilities
foreach commune were skewed and right-modal, suggesting that the
communes were probably representative of the target population
when accounting for differences in effect modifiers (Supplemen-
tary Appendix 8). There was substantial overlap in the probabilities
between trial and non-trial areas for most communes, whichis neces-
sary for causal identification in transportability analyses. Next, we
modelled the expected malariaincidence in each commune at month
tas a function of effect modifiers using trial data, then predicted
outcomesineacharminnon-trial communes. We thenimplemented
a doubly robust estimator that combines both approaches and is
consistentif either the outcome or selection model is correctly speci-
fied®°. For each SMC-implementing commune, we estimated MDA'’s
effectiveness as (1 - incidence ratio) x 100%. We performed separate
transportability analyses for the intervention and postintervention
years. Outcome models used for transportability did not account for
baseline malariaincidence orinclude a population offset, as was done
inthe original trial, because such data were not available in non-trial
areas. Comparison of estimates from transportability models and
the original trial showed minimal differences in point estimates and
95% Cls during the intervention year, and moderate differencesin the
postintervention year; however, the interpretation of findings was
similar between approaches, with overlapping 95% Cls (Supplemen-
tary Appendixes 9 and 10).

Estimated effects of MDA in non-trial areas

0Of129 eligible communes, we were able to transport estimates for 116
during the intervention year (Fig. 5a) and for 118 in the postinterven-
tion year (Extended Data Fig. 1). Estimates were not transported in 13
communes during the intervention year and in 11 communes during
the postintervention year due to potential positivity violations (that
is, probability of trial participation < 0.75). During the intervention
year, the predicted effectiveness of MDA varied across communes,
ranging from —23% to 65% (Figs. 5 and 6). In 74 communes (64%), we
estimated statistically significant reductions ranging from 36% to
65%, with estimates exceeding the original trial estimate in 37 com-
munes (32%)—ranging from 56% to 65%. The effect size and precision
of estimates, defined by the width of 95% Cls, were generally higher
in communes located in the southeastern region of Senegal, where
environmental and demographic characteristics were more similar
to those of the trial site (Fig. 5¢). In the postintervention year, most
transported effects were closer to the null compared with the original
trial estimate (26% (95% Cl: —18%, 53%)*), with none reaching statistical
significance (Extended Data Fig. 1).

Drivers of heterogeneity in transported effects

To explore the potential drivers of heterogeneity in transported effect
estimates, we calculated the standardized mean difference for effect
modifiers between each commune and the trial site. During the inter-
vention year, communes with larger reductions in incidence for MDA
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versus control tended to have higher EVIand precipitationlevels, while
having lower mean temperatures and a lower percentage of children
under 10 years old, compared withcommunes with smaller reductions
(Fig. 6).Inthe postintervention year, there appeared to be slightly larger
reductions in communes with a lower percentage of children under
10years old, but the magnitude of these reductions was small and did
not reach statistical significance (Extended Data Fig. 2).

Sensitivity analyses

Tovalidate our transportability model, we transported trial estimates
to areas surrounding the trial villages (Supplementary Appendix 11),
where effect modifier values are expected to be similar; therefore, the
transported estimates were expected to align closely with the original
trial results. In the intervention year (2021), the transported percent-
agereduction in malaria incidence at the trial site was 50% (95% CI:
18%, 71%) compared with 55% (95% CI: 28%, 71%) in the original trial and
49% (95% Cl: 25%, 66%) using trial data without adjustment for baseline
malariaincidence (Supplementary Appendix 9)*. In the postinterven-
tionyear (2022), thetransported percentage reduction at the trial site
was 4% (95% Cl: -64%, 33%) compared with 26% (95% CI: -17%, 53%) in
the original trial* and 4% (95% CI: -28%, 29%) using trial data without
baseline adjustment (Supplementary Appendix 9).

Next, MDA coverage inthe original trial varied acrossintervention
clusters (range, 54-80%), which may have influenced our transported
estimates. To assess whether some of this variation was captured by
effect modifiers considered in our transportability models, we exam-
ined the correlations between coverage and these effect modifiers.
Correlations were generally weak (|p| < 0.2) for most modifiers, except
for daytime temperature, precipitation and travel time to the nearest
health facility, which demonstrated moderate to high correlations with
coverage (Supplementary Appendix 12).

Discussion

In this re-analysis of a cluster randomized trial from Senegal, we gen-
eralized trial-based estimates to other parts of the country with the
goal of identifying areas where MDA could be integrated with existing
interventions to rapidly reduce the malariaburden. Within the trial, we

found substantial spatial heterogeneity in the effectiveness of MDA,
with the greatest impacts observed in the southernmost communes.
Inthe intervention year, we estimated that MDA would have reduced
malaria incidence by 36-65% in 64% of eligible non-trial communes.
Notably, the estimated effects exceeded the original trial’s overall
estimate in 32% of communes during the intervention year, mainly
in regions just south of the trial site, which had higher precipitation,
denser vegetation and lower temperatures. However, the effects were
notsustained following the discontinuation of MDA inany of the non-
trial communes, aligning with conclusions from prior studiesand WHO
recommendations® that MDA can have a strong but transient effect on
malariaincidence.

Here, we applied transportability methods to generalize estimates
from alarge, population-level malaria intervention trial. By integrat-
ing trial data with fine-scale remote sensing, this approach offers a
powerful, data-driven framework to identify areas where interventions
would yield the greatest impact, making it a valuable addition to the
existing toolbox for guiding subnational targeting. For MDA and other
aggressive malariainterventions, such targeted implementationis criti-
cal given their high cost, operational complexity and heterogeneous
effects across epidemiological settings. In this study, 64% of communes
were estimated to benefit from MDA during the intervention year. While
these effects were not sustained beyond that period, ongoing trials of
new interventions (for example, malariavaccines; NCT06578572) may
offer fresh opportunities for alonger-lasting impact. Transportability
methods could have animportant roleinidentifying optimal areas for
deploying these tools.

Itisimportantto note that, in the original trial, the number of MDA
rounds administered during the intervention year did not sufficiently
cover the entire transmission season, limiting the ability to fully clear
the infectious reservoir. Monthly incidence data from the original
trial support this notion (Fig. 1), showing a levelling off of effects in
November-December 2021, when MDA rounds were stopped. Thus,
itis possible that additional MDA rounds during these months would
have yielded a stronger intervention impact in both the intervention
and postinterventionyears, thereby potentially increasing the number
of communes that could be targeted for MDA.
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Fig. 6 | Transported effect estimates of MDA to non-trial areas during the
interventionyear, including covariates used in the transportability analysis.
a, Covariates used in the transportability analysis for each commune. Coloured
pointsindicate covariates included in the transportability models after screening
for collinearity, data sparsity, association with malaria case counts and feature
selection using elastic net regression. Blue- and yellow-shaded points indicate
the standardized mean difference for a given covariate in agiven commune,
calculated as the mean ina non-trial commune minus the meanin the trial site
divided by the pooled s.d. White points indicate covariates that did not pass the
screening. b, Transported effect for each commune (coloured points), expressed
as the percentage reduction in malariaincidence (1 - the ratio of casesin the
MDA versus control arm) during the transmission season of the intervention
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year, using doubly robust transportability models. Analyses were restricted

to communes with a population size of <152 people per 100 m?, those witha
predicted probability of trial participation of >0.75, and communes where SMC
was offered during the trial period. Separate analyses were performed for each
commune using monthly data from July to December (n =366 per commune).
Analyses used doubly robust transportability models. Vertical coloured

lines indicate the 95% CI for each commune, obtained from a non-parametric
bootstrap that resampled commune-months 1,000 times with replacement.
Communes are sorted according to the transported effect size. The grey solid
line indicates the original trial estimate (55%; 95% CI: 28%, 71%). Asterisks indicate
Cls that were truncated for data visualization (lower bound < -200% and/or
upper bound >100%).

This study demonstrates how transportability models that lever-
age publicly available remote sensing datasets can be used to extend
trial findings beyond a specific study site toinformintervention target-
ing. While our study probably did notinclude all potential effect modi-
fiers, we anticipate that weather, temperature, vegetationindices and
population age distributionaccounted for substantial heterogeneityin
malaria transmission*-*?,as demonstrated by prior studies”. While we
explored additional hypothesized modifiers (for example, predicted
prevalence of Plasmodium falciparum malaria, surface water presence,
night-time light radiance and travel time to the nearest health facility),
we ultimately excluded these variables due toalack of overlap with trial
sites, insufficient variability or strong collinearity. Thus, we may not
have accounted for all potential effect modifiers—akey assumption of
transportability models®. One key factor our models did not account
for (due to a lack of available data) was healthcare system capacity,
whichis probably akey operational determinant of MDA coverage and
effectiveness in real-world settings**. However, our validation study
demonstrated that the transported estimates for the area surrounding
the trial site were highly similar to the original trial estimates, lending
credibility to our findings. In future applications, transportability
models for malaria interventions could be further strengthened by
integrating additional context-specific variables, such as popula-
tion mobility patterns®?® and local vector species distributions and
densities. Moreover, the use of pooled datasets from multiple trials of
the same intervention could provide greater variability across epide-
miological settings, enabling more robust transportability analyses of
malaria intervention effects over large spatial extents?.

This study also had several limitations. First, effect modifier
data were aggregated to the month level, which may have masked

important daily variations for certain variables such as temperature.
Second, we did not explicitly account for coverage of other malaria
co-interventions (that is, vector control and/or diagnostics, case
management, and surveillance capacity), which are also likely modi-
fiers of MDA impact. Thus, our transported MDA estimates implicitly
assume that these co-interventions would be implemented before
MDA (as recommended by the WHO?®) and at a coverage similar to
that of the trial. Third, given that the number of study clusters was
relatively small (n = 60), we leveraged temporal variability within the
follow-up period to fit transportability models. As such, the number
of units with combinations of effect modifier values may have been
limited in certain strata. Transportability analyses would theoreti-
cally be more robust for trials with a larger number of units and a
broader geographical footprint. Fourth, our transported estimates
assume that MDA would be delivered similarly in both trial and non-
trial areas and are intended to reflect intention-to-treat effects (that
is, the predicted effectiveness if non-trial areas had been assigned
toreceive MDA). Because coverage varied across trial clusters, these
estimates alsorely on the assumption that coverage patternsinnon-
trial settings resemble those observed in the trial. Our sensitivity
analyses suggest that some of this variation was captured by the
measured effect modifiers (for example, precipitation and daytime
temperature; Supplementary Appendix 12). However, as coverage
can also depend on other factors that are often difficult to predict
(for example, community acceptability and sensitization), our esti-
mates may not fully account for this variation. It is also possible that
coverage may be lower in real-world settings. Fifth, transportability
models were unable to account for preintervention differences in
malaria incidence, as in the original trial analysis. In a sensitivity
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analysis of the original trial, conducted without accounting for
preintervention incidence (Supplementary Appendix 9), our point
estimates were slightly closer to the nullin the intervention yearand
substantially attenuated towards the null in the postintervention
year. Thus, the transported effects for the postintervention year
results should be interpreted with caution, as they may represent
potentially more conservative, attenuated effects. Sixth, transport-
ability analyses relied on several assumptions, including that all
effect measure modifiers were measured and that the models were
correctly specified (Methods). Sensitivity analyses were conducted
where possible; however, violations of these assumptions cannot be
ruled out. Finally, we were able to conduct transportability analyses
onlyinasubset of communes where SMCisimplemented in Senegal;
other communes were excluded due to limited overlap in effect
modifiers with the trial clusters.

Conclusion

Insummary, our study demonstrates the potential of transportability
methods as data-driven tools to guide subnational targeting of inter-
ventions. Consistent with existing literature, we estimate that, when
implemented with high vector control coverage, prompt case manage-
ment and a robust surveillance system, MDA may yield substantial
short-term reductions in malaria burden across broad geographical
contexts; however, the effects are probably not sustained beyond the
intervention period. In today’s malaria prevention landscape, multi-
ple new and highly effective—but costly—interventions are available
(for example, next-generation insecticide-treated nets and malaria
vaccines), but funding limitations and other factors make universal
roll-out infeasible. Our general approach provides a potential addi-
tional framework to support local decision-making on subnational
intervention tailoring in this changing landscape.

Methods

Analysis overview

We analysed data from a cluster randomized trial (NCT04864444)
evaluating MDA for accelerating malaria eliminationinlow to moderate
transmission settings in Senegal. We summarize key trial information
below; additional trial details were previously published®.

Study site

Thetrialwas conducted in the TambacoundaHealth District of south-
eastern Senegal, where malaria transmission is low to moderate and
highly seasonal, with most cases occurring from July to December. At
thissite, the National Malaria Programme (NMP) implements standard
malaria control interventions, including mass distribution of insecti-
cide-treated nets, health facility-based malaria case management and
SMC for children aged 3-120 months. In remote areas with limited
healthcare access, Senegal uses malaria case management through
the Prise en Charge a Domicile (PECADOM) model, whereby village-
level community health workers (dispensateurs de soins 4 domicile
(DSDOMs)) are trained to test and treat febrile malaria cases using rapid
diagnostic tests (RDTs) and first-line antimalarials. Some villages use
PECADOM-+, in which DSDOMs conduct weekly proactive household
visits toimprove early detection and treatment.

In other regions, malaria endemicity is heterogeneous, driven
largely by geography, climate, population density and age distribution.
To accommodate varying transmission intensities, the NMP adopts a
tailored set of interventions. Inthe northern and central regions, where
transmissionis very low due to the semi-arid Sahelian climate, the NMP
prioritizes pre-elimination activities consisting of case investigations
and proactive response measures. Inthe centraland southernregions,
where transmission ranges from low to high due to denser vegetation
and higher rainfall, the NMP prioritizes malaria control interventions,
including routine net distribution, prompt case management and SMC
in highly seasonal areas.

Study design

The original study was a two-arm, open-label, cluster randomized
controlled trial. Sixty villages were randomly selected based on the
following eligibility criteria: (1) population size between 200 and 800;
(2) location within a health facility catchment area with an annualinci-
dence of 60-160 cases per 1,000 population; and (3) the PECADOM+
model was established or eligible for roll-out. To minimize interven-
tion contamination, a buffer zone of 2.5 km was maintained between
village centroids.

Ethical approval

The study protocol was approved by the Comité National d’Ethique
pour la Recherche en Santé (Dakar, Senegal) and the University
of California, San Francisco Human Research Protection Program
(San Francisco, CA, USA). Stanford investigators had access only to
de-identified, cluster-aggregated monthly data.

Randomization and blinding

Villages were randomized 1:1 using a stratified, constrained randomi-
zation approach based on the following covariates: baseline DSDOM
presence, health facility, distance to the nearest health facility, baseline
microscopy-confirmed malaria prevalence, populationin 2019, and the
population of children <10 years old in2019. Participants, investigators
andthe study team were aware of the randomized assignment, whereas
outcome assessors and laboratory technicians were blinded.

Interventions

Duringtheinterventionyear (2021), interventionvillagesreceived three
rounds of MDA with dihydroartemisinin-piperaquine plus a single low
dose of primaquine every 6 weeks. Control villages received three
rounds of SMC with sulfadoxine-pyrimethamine plus amodiaquine
administered to children aged 3-120 months every 4 weeks, according
tothe standard of care. MDA was administered every 6 weeks based on
discussions with the Tambacounda District Medical Office to ensure
adequate spacing of drug courses, minimizing potential side effects.
The schedule was supported by modelling evidence’ suggesting that
thisintervalwould provide adequate protection, given piperaquine’s
long half-life’®. The timing also ensured comparable coverage of the
transmission season relative to SMC. After the three rounds of MDA,
the study villages were followed for an additional year (2022), during
which all villages resumed receiving SMC (Fig.1).

Procedures

Community sensitization was conducted before the intervention
delivery. Before the intervention implementation, all study villages
received a mass distribution of pyrethroid-PBO bed nets and
year-round PECADOM+. A baseline survey was conducted to assess
pyrethroid-PBO net coverage and malaria prevalence (Fig.1). SMC and
MDA were delivered door-to-door using an age-based dosing strategy.
All three doses of SMC and MDA were directly observed. During the
campaign, suspected cases of malaria were confirmed by RDTs and
treated with artemether-lumefantrine. In positive cases, chemopre-
vention was deferred until the next cycle.

Throughout the study period, data on RDT-confirmed malaria
cases were collected from health facilities and PECADOM+ registries.
Average village population size was estimated by calculating the mean
ofthe two censuses conducted before and after theinterventionimple-
mentation. Additional details of the procedures are provided in Sup-
plementary Appendix 13.

Outcomes

The primary outcome of the trial was village-level P.falciparumincidence
during the postintervention transmission season (July-December
2022), defined as the number of RDT-confirmed, symptomatic
malaria cases divided by the mean village population size (Fig. 1).
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Malariaincidence during the transmission season of the intervention
year was a secondary outcome.

Effect measure modifiers

We obtained high-resolution datafor Senegal on the following potential
effect measure modifiers: P.falciparum malaria prevalence, precipita-
tion, temperature, vegetation density, percentage of the population
under 10 years old and travel time to the nearest health facility. These
variables were hypothesized toinfluence intervention effectiveness by
affecting transmissionintensity, vector ecology and access to care. For
example, moderate rainfall can increase vector breeding sites, while
prolonged and heavy rainfall may flush mosquito larvae from breed-
ingsites, thereby reducing malaria transmission®’. Vegetation density,
captured by EVI, may enhance mosquito survival and breeding*>".
Temperature has been shown to have anon-linear association with the
Anopheles biting rate, vector competence, survival and P. falciparum
development®. Population density has anon-monotonicrelationship
with malaria; transmission models have linked higher population densi-
ties to persistent malaria transmission outside of the peak season®. The
proportion of children is a predictor of transmission intensity, given
their disproportionate malaria burden®. We ultimately excluded sur-
face water, predicted malariaincidence, predicted malaria prevalence,
night-time light radiance, travel time to the nearest health facility and
population density from the transportability analyses due to alack of
variation or other reasons detailed in Supplementary Appendix 14.

For estimates of the percentage of the populationaged <10 years,
we used study datafor trial sites and WorldPop data for non-trial sites®.
Daily precipitation data at 0.05° resolution were sourced from the
Climate Hazards Group Infrared Precipitation with Stations (CHIRPS)
dataset®. Using Google Earth Engine, we aggregated daily data into
monthly totals. Mean monthly temperature data at 0.05° resolution
were obtained from the MODIS Monthly CMG Land Surface Tempera-
ture and Emissivity (MOD21C3)*. Because our intent was to transport
estimates to small administrative areas, we used a dataset with higher
spatial resolution (0.05°) but with monthly, rather than daily, data.
Thus, we included only the mean monthly temperature.

While prior studies have shown that daily temperature variation
may influence malaria transmission’®, high-resolution daily remote
sensing datasets exhibited missingness rates of 10-20% during high-
rainfall months, probably due to cloud cover. Monthly data on the
presence of surface water at 30-m resolution were sourced from the
Joint Research Centre Monthly Water History, v1.4 dataset®. Monthly
EVIdataat1-kmresolution were obtained from the MODIS/Terra Veg-
etation Indices Monthly L3 Global 1 km SIN Grid*°. We extracted the
mean values of the percentage of the population under 10 years old and
the monthly temperature for the geocoordinates of each trial village
centroid and for allcommunes in Senegal. For precipitation, we calcu-
lated the monthly minimum, mean and maximum levels. To account
for delayed effects of environmental factors on malariaincidence, we
used1-2-monthlags for precipitation, 0-2-month lags for temperature
and 0-3-month lags for EVI, informed by prior studies. Justifications
for these lags are provided in Supplementary Appendix 14.

Statistical analysis

First, we assessed the effect modification of the MDA intervention by
geographical, environmental and demographic variables. Analyses
were conducted at the village-month level across the preintervention,
intervention and postintervention transmission seasons (thatis, July—
December of 2020, 2021 and 2022). Indicator variables were used to
test for effect modification by commune. For continuous modifiers, we
generated indicators of whether values were above or below the median
within each follow-up year. To compare incidence rate ratios for MDA
versus control within different levels of potential modifiers, we fitted
mixed-effects Poisson regression models restricted to eachlevel of the
potential effect modifier, allowing for potential interactions between

modifiers and baseline covariates. Models included village-level ran-
dom intercepts, a log link, an offset for the mean village population
size during follow-up and robust standard errors. Consistent with
the original trial’s intention-to-treat analysis*, malaria case counts
were modelled as the dependent variable, with covariates including
the following: trial-year fixed effects; an MDA indicator equal to 1 for
randomization to MDA in the intervention year (2021) and O other-
wise; a post-MDA indicator equal to 1 for randomization to MDA in
the postintervention year (2022) and O otherwise; an indicator equal
to1for periods and villages with an existing PECADOM+ model and O
otherwise to account for differential capture of malaria cases at base-
line; and variables included in the constrained randomization (health
facility, distance to a health facility, baseline microscopy-confirmed
malaria prevalence, village population size and population size under
10yearsold).

Totest for effect modification on the ratio and additive scales”, we
fitted models with two-way interaction terms between each modifier
andyear, as well as for the MDA indicator inintervention year analyses
and the post-MDA indicator in postintervention year analyses. We
definedR,,as theincidencerate under treatmentx and modifier z. The
ratio scale measure of interaction was defined as (R;;Ro)/(RioR 1), which
can be expressed in terms of incidence ratios as IR;;/(IR,gIR,) (ref. 19).
We assessed the additive scale interaction using the relative excess
risk due to interaction (RERI), defined as IR;; - IR,, — IRy, + 1 (ref. 19).
Because MDA had a protective effect on malariaincidence, we recoded
thereferencelevels for the MDA indicator variable and each modifier to
the lowest risk level*. We computed standard errors and Cls using the
deltamethod. Effect measure modification analyses were conducted
using Stata version 16.

Totransport trial estimates to non-trial areas, we applied adoubly
robust transportability modelling approach from Dahabreh et al.”’. We
used anon-nested designinwhich the trial data were concatenated with
datafromanexternal target population that partially overlapped with
the trial population*’. When the difference between the trial and exter-
nal target populations can be characterized by baseline covariates,
transportability is conceptually similar to direct standardization across
multiple covariates. These methods rely on measuring variables that
both modify the intervention effect and differ in distribution between
trial and target populations'. A flow diagramiillustrating the step-by-
step procedure of our transportability analysesis provided in Fig. 4.

We restricted analyses to communes where SMC was routinely
offered and population density was similar to that of trial sites (<152
people per 100 m?). This was done to minimize potential violations of
positivity—that s, to ensure that trial populations could reasonably
represent non-trial areas”. We combined trial and non-trial data into
asingle dataset: trial observations included treatment assignment,
outcome data and effect modifiers, while non-trial observations
included only effect modifiers. An indicator variable for trial par-
ticipation (S;) was included in the combined dataset for each village
i (for trial data) and commune i (for non-trial data), where S;=1for
trial observationsand S; = O for non-trial communes. Estimates were
transported to the commune level, the smallest standard administra-
tive unit used for public health planning in Senegal. We aggregated
malariaincidence data by summing the total number of cases and the
populationsize, and we aggregated effect modifier data by calculat-
ing the minimum, mean, maximum or total of covariates as described
inthe prior section.

The doubly robust approach fits a model for the probability of
trial participation and a model for the expectation of the outcome.
If either is correctly specified, the estimator is consistent®. First, for
eachcommune, we fitted amodel for the probability of trial participa-
tion Pr(S;=1/X;,), where X;, is a matrix of effect measure modifiers for
communeiat month ¢t thatincludesthe variables listed in the previous
section. Models were fitted using data from trial sites combined
with data from non-trial communes. We then calculated weights by
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interventionarm (4;) ineach commune i at month ¢ normalized to the
sum of the number of non-trial areas as follows:

1-p(Xi B)

WX Sp A = ——— 087
T p s Brea X )

x I(S; = 1,A; = @) Q

where A;isanindicator for random assignment to MDA versus control,
p(X;;; B) is an estimator of the probability that a commune would be
included in the trial at month ¢ (Pr(S;=11X;,), e,(X;; ) is an estimator
ofthe probability of assignment to treatment arm aamong trial clusters
(Pr(A=alX;,S;=1)),and I(S;=1|A;= a) represents an indicator function
equal to 1 for communes that were included in the trial and assigned
toarmaand O otherwise.

Second, using trial data, we estimated separate outcome models
within each intervention arm, modelling monthly malaria cases as a
function of effect modifiers. g,(X;; ) is an estimator for the condi-
tional expectation of the number of malaria cases (E(Y,/X;, S;=1,
A;=a)), where Y, is the number of malaria cases for each cluster i at
montht. These models were thenapplied to covariate patternsinnon-
trial communes to generate arm-specific counterfactual predictions.
Outcome models did not adjust for covariates used in the constrained
randomization or include a log population offset, as in the original
trial*, because these datawere unavailable in non-trial areas. However,
trial estimates were similar with or without these terms (Supplemen-
tary Appendix 10). Additionally, we did not adjust for baseline malaria
incidence as was done in the original trial due to the lack of such data
innon-trial areas. A re-analysis comparing the original trial’s estimates
restricted to theintervention year (2021) or the postintervention year
(2022) found minimal differences in point estimates and 95% Cls for
the intervention year and moderate differences for the postinterven-
tion year (Supplementary Appendix 9). However, the interpretation
of findings was consistent between the two models, with overlapping
95% Cls.

Given the relatively small number of communes and the poten-
tially large number of covariates, we fitted both trial participation and
outcome models using elastic net models with « = 0.5, which use an
equal mix of LASSO (least absolute shrinkage and selection operator)
andridge regularizationtobalance feature selection and the handling
of correlated predictors. We fitted models for g,(X;.; 8) using a quasi-
Poisson family and p(X; ;) and e, (X, ; ) using a binomial family. The
relax parameter was set to true so that models were refitted without
penalty after the initial variable selection, potentially improving pre-
diction accuracy. To identify the optimal level of regularization, we
used tenfold cross-validation and alambda sequence ranging from
0.01t0100, withalength of100. We used elastic net model fits with the
lambda value that minimized the cross-validated error. If only one
covariatewasincludedinthe model, we used ageneralized linear model
with a binomial family instead. Transportability analyses were per-
formed using R version 4.1.0; elastic net models were fitted with the
glmnet package (version 4.1.2).

Before fitting the elastic net models, we performed several forms
of covariate screening to mitigate multicollinearity, streamline the
covariate set and improve model stability. First, we excluded covari-
ates with no overlap between S =1and S = 0 to minimize empirical
violations of the positivity of trial participation assumption. Second,
we screened covariates for multicollinearity within predefined variable
groups (precipitation, temperature and EVI) across lag specifications.
For each group of covariates, we calculated pairwise Pearson correla-
tions between variables and estimated their correlations with the
outcome. Ifany correlations were >0.7 withina group of covariates, we
retained the covariate with the strongest correlation to the outcome.
Third, we screened covariates for inclusion in outcome models using
Poisson likelihood ratio tests, retaining those with a Pvalue of <0.2. We
performed a complete case analysis. Model fit diagnostics are provided
inSupplementary Appendix 15.

We thenimplemented a doubly robust estimator to estimate the
intervention effects for each commune. The estimator uses data from
trial clusters as well as from non-trial communes. For trial clusters, it
uses outcome model predictions as bias correction terms, along with
observed outcomes, weighted by the inverse probability of selection
into thetrial. For non-trial communesin the target population, it relies
solely on outcome model predictions. The double robust estimator
fi(a)is defined as follows:

n -1,
o= {Zl wair(xir,si,/‘i)} Zl Wi (Xie> Si» Ai)
= =
2)

,1"

{Vi—8.Xi: )} + {gl(l - s,-)} (1= $)gaXie 6)

We separately estimated weighted averages for the interven-
tion and control arms and calculated percentage effectiveness as
(1- (incident cases inintervention/incident cases in control)) x 100%
to estimate the transported effect. To obtain 95% Cls, we performed
non-parametric bootstrapping by resampling communes with replace-
ment, using 1,000 iterations.

To validate our transportability model, we transported trial esti-
mates from the intervention year (2021) and the postintervention
year (2022) to the geographical area surrounding the trial villages by
creating a convex hull of the trial village centroids (Supplementary
Appendix11). Given that effect modifier values should be highly similar
tothoseingeographical areas approximate to the trial site, we expected
this analysis to produce effect estimates close to those of the original
trial. We extracted effect modifier values from remote sensing data
within the trial site, set S= 0, and then refitted the transportability
models. We obtained 95% Cls using the bias-corrected and accelerated
bootstrap method, as described above.

To make causalinferences from our transported estimates, several
assumptions are required (Supplementary Appendix 16). First, we
assumed conditional exchangeability between clusters assigned to
MDA and those assigned to control. Second, we assumed positivity of
intervention assignment, meaning that there was a non-zero proba-
bility of intervention assignment across covariate strata. We expect
the first two assumptions to hold by randomization. Third, we assumed
conditional exchangeability over trial participation, meaning that trial
clusters were exchangeable with target communes conditional on
covariates and study arm. Fourth, we assumed positivity of trial par-
ticipation, meaning that there was a non-zero probability of trial par-
ticipation in any covariate stratum needed to ensure conditional
exchangeability. To minimize possible violations of this positivity
assumption, we restricted analyses to communes where SMC was
offered during the trial period and proceeded with estimation only in
communes where p(X,; B) was >0.75. Fifth, we assumed consistency,
such that each commune’s potential outcome under an intervention
equalled its observed outcome when the intervention was imple-
mented similarly inboth trial and target settings. We expect this to hold
because the trial was designed as a pragmatic trial with MDA delivered
asclosetoroutine programmatic conditions as possible. Consistency
alsorequires nointerference between clusters; we expect this assump-
tion to hold based on the >2.5-km buffer zone between trial clusters®.
Sixth, we assumed correct model specification. To mitigate violations,
we used adoubly robust estimator, which yields consistent estimates
if either the trial participation model or the outcome model is
correctly specified.

As a sensitivity analysis, we evaluated correlations between
MDA coverage and effect modifiers to assess whether the vari-
ables used in the transport model could explain heterogeneity in
coverage across trial clusters. We calculated Spearman correla-
tion coefficients between coverage and each effect modifier across
intervention clusters.

Nature Health


http://www.nature.com/NatHealth

Article

https://doi.org/10.1038/s44360-026-00094-1

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data used in this secondary analysis were derived from a multi-
country collaborative parent clinical trial and consist of aggregated
data provided by the parent study team. Data sharing is governed
by the data access policies of the parent trial; therefore, data are not
publicly available. The analytical dataset used for this study, along with
the corresponding data dictionaries, is available on request. All data
access requests that comply with ethical and privacy requirements will
be reviewed within 2 weeks of receipt, and approved requests will be
granted accessto the data. Requests shouldinclude abrief description
ofthe study objectives. Any queries regarding datarequests should be
sent viaemail to M.R. (rohmi@ohsu.edu).

Code availability
Replicationscriptsare available on Zenodo at https://doi.org/10.5281/
zen0do.18636852 (ref. 43).
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Extended Data Fig. 1| Spatial distribution of transported effects of mass
drug administration in the post-intervention year (2022). Polygons indicate
communes. Panel (a) shows the percent reduction in malaria, expressed as1- the
ratio of cases in the MDA vs. control arm during the transmission season of the
post-intervention year (2022), estimated using doubly robust transportability
models. Covariates included in transportability models included precipitation,
temperature, enhanced vegetation index, and population density. The final
covariate included in transportability models varied between communes
following screening for collinearity, data sparsity, association with the malaria
case count, and feature selection using elastic net regression. Transportability
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analyses were restricted to communes where SMC was routinely offered during
the trial period, had a population size <152 per km, and a predicted probability

of trial selection (P(S)) of >0.75. Separate analyses were performed for each
Commune-month (N =366 per Commune). Panel (b) indicates whether the 95%
confidence interval for transported estimates for each commune included the
null. Panel (c) depicts uncertainty, shown as half the length of the 95% confidence
interval, estimated using a non-parametric bootstrapping procedure that
resampled commune-months within trial datasets and months within the non-
trial commune 1,000 times with replacement.
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For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

< The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

|X’ A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
N Gjve P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  N/A

Data analysis Remote sensing data was retrieved using Google Earth Engine JavaScript code. Statistical analyses were performed in Stata and R. Specifically,
effect measure modification analyses were conducted in Stata, version 16. Transportability analyses were performed using R version 4.1.0;
elastic net models were fit with the gimnet package (version 4.1.2). Replication scripts are available at https://doi.org/10.5281/
zen0do.18636852.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The data used in this secondary analysis were derived from a multi-country collaborative parent clinical trial and consist of aggregated data provided by the parent




study team. Data sharing is governed by the data access policies of the parent trial and is therefore not publicly available. The analytic dataset used for this study
and/or the de-identified individual participant data and corresponding data dictionaries may be available upon request and approval by EKCB and MSH. Data access
requests will be reviewed and a response provided within two weeks of receipt. Requests should include a brief description of study objectives. Any queries for data
requests should be made via email to Michelle Roh (email: rohmi@ohsu.edu).

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender This study analyzed cluster-level outcomes from a cluster-randomized trial. We did not perform gender or sex-stratified
analyses because there was not evidence of effect heterogeneity by these variables in the original trial's analysis.

Reporting on race, ethnicity, or | Analyses did not account for race/ethnicity. The study population is from Senegal and is of African ancestry.
other socially relevant

groupings

Population characteristics See below

Recruitment Not applicable. This is an analysis of an existing dataset.

Ethics oversight Ethical approval was provided by the Comité National d'Ethique pour la Recherche en Santé (Dakar, Senegal) and the

University of California, San Francisco Human Research Protection Program (San Francisco, CA, USA). The US Centers for
Disease Control and Prevention and Population Services International agreed to rely on the Institutional Review Board of the
University of California, San Francisco for ethical oversight of the trial.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.
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For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Behavioural & social sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description This study was a secondary analysis of quantitative data from a cluster-randomized trial of mass drug administration for malaria
conducted in Tambacounda district, Senegal from September 2020 to December 2022.

Research sample The analysis used data from a cluster-randomized trial of mass drug administration for malaria. The study population included all
individuals in study clusters and were respresentative of the study sample, although the purpose of transportability analyses was to
generate generalizable findings to the larger Senegal population. The trial pouplation, where the study took place, included
individuals who resided in Tambacounda district, Senegal, a low-to-moderate malaria transmission setting. As the analyses used
aggregated data, no direct information is available on demographics, except from extrapolated values, which reported approximately
38% of children <10 years of age resided in the population.

Sampling strategy We included data from all individuals recorded in the baseline survey and subsequent incident malaria cases detected through
surveillance.

Data collection No new data was collected for this study. The manuscript Methods section includes a brief summary of data collection in the original
trial.

Timing September 2020 to December 2022

Data exclusions All cluster-level data from the original trial were included in this analysis.

Non-participation Not applicable.

Randomization Villages were randomized at a 1:1 ratio using a stratified, constrained randomization approach of the following covariates: baseline

presence of DSDOM s, health facility, distance to nearest health facility, baseline microscopy-confirmed malaria prevalence,
population in 2019, and village population of children <10 years in 2019. An independent trial investigator generated 50 000
randomization schemes and one was randomly sampled from the top 1% (n=500) with the lowest balance scores. Participants,
investigators, and the study team were aware of randomized assignment; outcome assessors and laboratory technicians were
blinded.
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Materials & experimental systems Methods
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Antibodies |:| ChiIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms

Clinical data

)
g
C
=
()
©
O
Et\
o
=
—
™
©
O
=
)
Q
wn
C
3
=
Q
>
<

Dual use research of concern

XX OXX XX 5
OOoxXOOood
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Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  NCT04864444

Study protocol The original trial protocol is included in the appendix of the primary outcomes manuscript from the trial: https://doi.org/10.1016/
$1473-3099(24)00741-2

Data collection No new data was collected for this study. The manuscript Methods section includes a brief summary of data collection in the original
trial.
Qutcomes The primary outcome of the trial was village-level, Plasmodium falciparum-confirmed malaria incidence during post-intervention

transmission season (July—-December 2022), defined as the number of RDT-confirmed, symptomatic malaria cases divided by the
mean village population size calculated based on two censuses conducted pre- and post-MDA. Malaria incidence during the
transmission season of the intervention year was considered a secondary outcome. Both outcomes were pre-defined in the study
protocol of the main manuscript.

Plants

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
was applied-

Authentication Describe-any-atthentication-procedures foreach seed stock tised-ornovel-genotype generated—Describe-any-experiments-tused-to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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