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Abstract

Seasonal malaria chemoprevention (SMC) with sulfadoxine-pyrimethamine plus amodiaquine (SPAQ) is given
to millions of African children to prevent malaria during the peak transmission season, yet the contribution of
the individual drugs to preventive efficacy remains unclear. We pooled individual-level data on drug
concentrations and gPCR positivity from 934 children under 5 years from three prospective studies in Uganda,
Mozambique, and Burkina Faso. We used natural variation in drug exposures to estimate the concentration-
protection relationships against malaria infection over one month. The concentration of desethylamodiaquine,
the active amodiaquine metabolite, was the primary determinant of malaria infection (odds ratio [OR] 0.55,
95% Cl 0.44-0.68 per standard deviation increase in log concentration). Children with low day 28
desethylamodiaquine exposure (<24 ng/mL) had nearly twice the risk of malaria infection compared to those
with high exposure (risk ratio 1.9, 95% Cl 1.5-2.4). Only weak associations were observed with sulfadoxine and
pyrimethamine concentrations. Concentration-protection relationships were consistent across countries
despite marked differences in parasite resistance markers. These findings suggest that the preventive efficacy
of SPAQ is primarily driven by amodiaquine, highlighting the importance of adherence to the 3-day
amodiaquine regimen. The contribution of single-dose sulfadoxine—pyrimethamine appears modest and
merits further evaluation in randomised trials.

Introduction

Malaria remains the leading cause of preventable death in young children in sub-Saharan Africa. In parts of
sub-Saharan Africa such as the Sahel region, malaria transmission is highly seasonal with most cases
concentrated in 4-5 months of the year during the rainy season. Seasonal malaria chemoprevention (SMC)
consists of giving monthly treatment doses of slowly eliminated antimalarials to young children to prevent
infection and illness during the peak risk period [1]. SMC has been recommended by the World Health
Organisation (WHOQ) since 2012 [2] and in 2025, over 50 million children received SMC. In 2022, WHO
broadened their recommendation around SMC allowing countries to choose how and where to implement it
[3]. SMC can now be used in a wider age group, in areas where there is high grade resistance to sulfadoxine-
pyrimethamine, and over more cycles each year. There is little evidence to support this broader
recommendation.



The drug combination currently recommended by WHO for SMC is sulfadoxine-pyrimethamine plus
amodiaquine (SPAQ) [1]. Sulfadoxine-pyrimethamine (SP) has been used as an antimalarial for over 50 years;
a single treatment dose reliably prevented recurrence of infection with sensitive parasites within one month,
although its efficacy is now compromised by multiple mutations in the Pfdhfr gene (conferring resistance to
pyrimethamine) and the Pfhdps gene (conferring resistance to sulfadoxine) [4]. Nearly all P. falciparum
parasites in West Africa are “quadruple mutants”, characterised by the Pfdhps 487G mutation but lacking the
Pfhdps 540E mutation. However, in East and Southern Africa, nearly all P. falciparum parasites are “quintuple
mutants” (540E) [5] or sextuple mutants, with substantially less susceptibility to sulfadoxine. The other
component of SMC, amodiaquine, is rapidly converted to its active metabolite desethylamodiaquine which
has a relatively long elimination half-life (approximately 10 days) [6]. Amodiaquine is given over three days to
obtain sufficiently high drug concentrations for one month. For SMC to work effectively, children must maintain
adequate drug concentrations in the blood throughout the protection window. Low drug exposure would
result in reduced protection [7].

To better characterise the relationship between drug exposure and protection against malaria infection, in
2022 Malaria Consortium conducted three Chemoprevention Pharmacokinetic-Efficacy Studies (CPES) of SPAQ
in Uganda [8], Mozambique [9], and Burkina Faso. These studies were embedded in larger implementation
studies of SMC. The studies enrolled children under 5 years who were eligible for SMC; the children were
administered their first cycle of SPAQ and then were followed up for one month with dried blood spots taken
at baseline and then on days 7 and 28 after start of treatment to assess drug exposure and malaria infection
by PCR. This approach allows for characterisation of the relationship between drug levels and protective
efficacy against blood parasitaemia. In this pooled analysis, we look at the determinants of parasitological
efficacy for SPAQ and assess whether current dosing regimens of sulfadoxine, pyrimethamine, and
amodiaquine administered during standard SMC campaigns provide adequate protection over one month
against Plasmodium infections in children under 5. If protection is inadequate, an important question is
whether this is due to underdosing or drug resistance. This will contribute to understanding whether the
dosage or choice of drugs needs to be modified to achieve the full potential for SMC to prevent malaria
infection in the future.

Results

Participant Characteristics

A total of 1513 children were enrolled into SPAQ arms across the three studies: Uganda (n = 504), Mozambique
(n = 489), and Burkina Faso (n = 520) (Figure 1). After excluding children with drug concentrations suggesting
possible additional or off-schedule dosing, no biological samples for laboratory evaluation, or lacking post-hoc
re-consent (Burkina Faso), 934 children were included in the analysis population (Figure 1 and Table 1). We
restricted the analysis population to children with blood samples available at all three time points (days 0, 7
and 28) in order to have a fair comparison across the three drugs which have different pharmacokinetic
profiles. The proportion of complete follow-up varied substantially by site. Only 104 children (21%) in
Mozambique had complete sampling, compared with 81% in Uganda and 82% in Burkina Faso. Overall,
participants were broadly comparable across sites with respect to age, sex, and nutritional status. However,
the participants from Uganda tended to be younger and showed higher levels of malnutrition, particularly
when assessed using mid-upper arm circumference-for-age (z-MUAC; Table 1 and Figure S1).

Table 1: Demographic and anthropometric characteristics of participants in the analysis population by country.
For continuous variables we give the median values.

Site Uganda Mozambique Burkina Faso
Enrolled participants (n) 504 489 520

Analysis population (n, %) 407 (81%) 104 (21%) 423 (81%)
Age (months, IQR) 33(12-47) 33(21-46) 32 (18 -47)



Male sex (%)
Weight (kg, IQR)
z-weight

MUAC (cm)

z-MUAC

Malaria infection at baseline

(n, %)

212 (52%)

11.4 (9.0 - 14.0)
-0.8 (-1.7 to 0.0)
13 (12 - 14)

2.1(-2.9t0-1.2)

239 (59%)

53 (51%)

11.3 (8.6 - 15.0)
-1.1(-2.9t0 0.3)
15 (14 - 16)

-0.1 (-0.8 t0 0.6)

68 (65%)

223 (53%)

11.4 (9.1 - 13.5)
-1.2 (-1.8 to -0.4)
15 (14 - 16)

-0.6 (-1.1t0 0.0)

131 (31%)
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Figure 1: Flow of participants through enrolment, exclusion, follow-up, and inclusion in the analysis
population across the three study sites.



Malaria infection prevalence

Half of the children in the analysis population (438/934) had qPCR detectable malaria infections at baseline
(Figure 2). The proportion of children infected at baseline was lower in Burkina Faso (31%), likely due to the
timing of the first SMC dose relative to the start of the transmission season. Infection prevalence increased
with age, with a higher proportion of older children harbouring detectable infections. Most infections were
caused by Plasmodium falciparum, which was detected in 91% (435/478) of children overall. Among PCR-
positive samples, the proportion attributable to P. falciparum was similar across sites: 223/239 (93%) in
Uganda, 63/68 (93%) in Mozambique, and 149/171 (87%) in Burkina Faso (Table S1 and Figure S2). Estimates
of overall and P. falciparum prevalence differed only slightly when calculated using all available baseline
samples (Table S2).

28 days after SMC administration, the overall proportion of children with malaria infection declined modestly
to 30% (310/935), with consistent reductions observed across all age groups (Table 2). During the 28-day
follow-up period, 44 children experienced intercurrent clinical malaria, including 24 (6%) in Uganda, 3 (3%) in
Mozambique, and 17 (4%) in Burkina Faso. P. falciparum remained the predominant species at day 28,
detected in 238/284 (84%) of PCR-positive children, corresponding to 78% in Uganda, 93% in Mozambique,
and 86% in Burkina Faso.

A substantial burden of Plasmodium ovale infections were observed, accounting for 86/478 (18%) of baseline
infections and 29/284 (10%) by day 28 (Table S1 and Figure S2). Plasmodium malariae was detected
infrequently (11 patients, 2%), with 10 cases in Uganda, and one in Burkina Faso and was almost entirely
cleared by day 28, with only a single case remaining in Uganda.
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Figure 2: Malaria positivity at baseline and day 28 of follow-up period. Malaria infection was defined as
either PCR positivity at day 28 or intercurrent clinical malaria. Children under one year of age received half
the total dose of SPAQ relative to those aged 1-5 (shaded area). Prevalence point estimates are shown with
95% binomial confidence intervals.



Table 2: Summary of efficacy outcomes by country. *Malaria infection is defined at PCR positive by day 28 or
intercurrent malaria illness (fever or history of fever within 24 hours with a positive RDT).

Site Uganda Mozambique Burkina Faso
Malaria infection (n, %)* 125/407 (31%) 45/104 (43%) 140/423 (33%)
PCR positive on day 28 (n, %) 109/407 (27%) 44/104 (42%) 131/423 (31%)
Intercurrent clinical malaria” (n, %) 24/407 (6%) 3/104 (3%) 17/423 (4%)

Cycle threshold (Ct) values

Range (min-max) 18.7-40 19.8-40 18.8-40
Mean 38.4 36.9 37.5
Median (IQR) 40 (37.7-40) 40 (34.3-40) 40 (35.7-40)

SMC drug concentration profiles

The concentrations of sulfadoxine, pyrimethamine, desethylamodiaquine, and amodiaquine were measured
on days 7 and 28. Day 7 concentrations showed relatively limited variability and were evenly distributed across
age groups. In contrast, day 28 concentrations declined with increasing age, most likely reflecting slower
clearance in young children. Age-related effects were most apparent for sulfadoxine and desethylamodiaquine
(Figure 3).

For sulfadoxine, the median day 28 concentration among children under 1 year was 5,045 ng/ml with
undetectable concentrations in 8% of children, whereas the median sulfadoxine level was 849 ng/ml and
undetectable in 50% of children above 1 year. Across sites, sulfadoxine levels were broadly comparable,
whereas pyrimethamine concentrations were almost twice as high in Uganda (Figure 3). Amodiaquine
concentrations fell below the threshold for reliable laboratory quantification (1.87 ng/mL) in 42% of children
by day 7 and 94% by day 28, consistent with its rapid elimination half-life [10]. In contrast, for its active
metabolite, desethylamodiaquine, levels were highest in Uganda at day 7. By day 28, desethylamodiaquine
levels were similar in Uganda and Burkina Faso, while remaining lower in Mozambique. Given that
amodiaquine was administered daily for three days, the observed variation in desethylamodiaquine levels
across sites is likely to be explained by differences in adherence [11].
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Figure 3: Drug concentration profiles of desethylamodiaquine, sulfadoxine, and pyrimethamine at day 7 and
day 28 post-treatment, as a function of age in years with added jitter, colored by study site. Lines show spline
trends. Horizontal dashed lines denote the lower limit of quantification (LLOQ) for each drug.

Drug exposure and protection against malaria

Across all three main SMC drug exposures (sulfadoxine, pyrimethamine, and desethylamodiaquine), higher
post-treatment concentrations were generally associated with lower risk of malaria by day 28 (Figure 4).
Although breakthrough infections occurred among some children with high drug exposure, parasite densities
in these cases were lower than among children with lower drug exposure (Figure S5). We compared four
exposure metrics for each drug: the day 7 concentration, day 28 concentration, AUC from day 7 to day 28, and
terminal elimination half-life. The day 28 concentration was the best predictor of malaria infection for
desethylamodiaquine and the day 7 concentration for sulfadoxine. For pyrimethamine, only the day 7
concentration was evaluable, as day 28 concentrations were below the LLOQ in 83% of children overall (64%
in Uganda, 100% in Mozambique, and 99% in Burkina Faso).

Under a multivariable model including these three selected drug exposures, desethylamodiaquine exposure
showed the strongest association with malaria infection by day 28, after adjustment for site, calendar time,
age, and malaria infection at baseline. There was weaker evidence of an association with sulfadoxine exposure,
and no clear protective effect was observed for the pyrimethamine exposure (Figure S6). For the
desethylamodiaquine exposure, the relationship with parasitological malaria on day 28 was approximately
linear on the logit scale (best fit in a generalised additive model). After standardising each drug exposure so
the effects were comparable, one standard deviation increase in the log desethylamodiaquine exposure was
associated with an odds ratio for malaria infection by day 28 of 0.55 (95% Cl 0.44-0.68) (Figure S6). The
corresponding odds ratios for one standard deviation increase in the log sulfadoxine and pyrimethamine
concentrations were 0.80 (95% Cl 0.63-1.00) and 0.88 (95% Cl 0.67—-1.15), respectively.



We further evaluated whether the protective effect of drug exposure varied by age. Interaction models were
fitted separately for each drug. There was no clear evidence that the associations for desethylamodiaquine or
pyrimethamine differed across the age range of enrolled children. In contrast, younger children appeared to
derive greater benefit from higher sulfadoxine exposure, with the protective effect diminishing with increasing
age. The interaction between age (in years) and day 28 sulfadoxine concentration corresponded to an
approximately 20% attenuation in the protective odds ratio per additional year of age (interaction coefficient
=0.18 on the log-odds scale, p = 0.0007). Despite this age-dependent effect, the overall conclusions regarding
the dominant role of desethylamodiaquine exposure remained unchanged.

The predicted probability of malaria infection by day 28 declined markedly with increasing day 28
desethylamodiaquine concentrations (Figure S7). The risk fell to approximately below 40% once
concentrations exceeded the population geometric mean (z-score = 0; corresponding to approximately 24
ng/mL). Notably, fewer than 25% of children in Mozambique achieved concentrations above this threshold,
compared with more than 50% of children in Uganda and Burkina Faso (Figure S7).

To estimate the causal effect of low (<24 ng/mL: population mean exposure) versus high day 28
desethylamodiaquine exposure, we used inverse probability weighting based on the known confounders: age,
nutritional status, sex, and site, allowing for an unbiased comparison of low versus high exposure. Age was the
primary determinant of low day 28 desethylamodiaquine exposure (Figure S8). Children with low day 28
desethylamodiaquine exposure had a risk ratio for malaria infection by day 28 of 1.92 (95% Cl: 1.53-2.41).
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Higher day 28 desethylamodiaquine concentrations were associated with lower parasitaemia on day 28, as
reflected by higher Ct values (Figure 5). As for the primary outcome, associations between the Ct values and
the day 7 sulfadoxine and pyrimethamine concentrations were weaker. Strong evidence of drug—drug
interaction was observed between desethylamodiaquine and sulfadoxine, and between desethylamodiaquine
and pyrimethamine, suggesting diminishing incremental effects of higher desethylamodiaquine
concentrations at higher levels of partner drug exposure (saturation of effect). In left-censored Tobit models
accounting for Ct values at the limit of quantification, one standard deviation increase in desethylamodiaquine
concentrations was associated with a 2 Ct value increase in day 28 Ct values (equivalent to an approximately
4-fold reduction in parasite density, p<0.001). Each standard deviation increases in sulfadoxine concentration
reduced desethylamodiaquine effect by approximately 1 Ct (approximately 2-fold reduction in the parasite
density reduction, p<0.001). Baseline Ct was independently associated with day 28 Ct, whereas age and
nutritional status were not.

Day 28 Desethylamodiaquine Day 7 Sulfadoxine Day 7 Pyrimethamine
20 -{ 20 4 20 4
g 251 g 257 g 257
© \ ® ©
> > >
bod bod b
O 30+ O 30+ O 30+
0 -] 0
o~ ~N N
> | > >
© © & ©
= = \\\f’ - 1 \ ) | ” ‘
404 ’ . \ 404 o o 404
3 10 30 100 3,000 10,000 50,000 3 10 30 100 300
Concentration (ng/mL) Concentration (ng/mL) Concentration (ng/mL)
Site == Uganda Mozambique Burkina Faso

Figure 5: Relationships between Plasmodium spp. Ct values and drug concentrations. Scatter plots show
observed D28 Ct values in relation to D28 desethylamodiaquine, D7 sulfadoxine and D7 pyrimethamine. Ct
values were analysed as left-censored at a Ct value of 40. Solid lines represent estimated trends from Tobit
regression models, adjusting for age, study site, baseline Ct value, mid-upper arm circumference, and
enrolment date.

Molecular Resistance Markers

Known molecular markers associated with SP and AQ resistance were genotyped in samples collected at
baseline (Figure 6, Table S3, and Figure S9). Mutations in pfdhps (A437G, K540E) and pfdhfr (N511, C59R,
S108N) associated with reduced sulfadoxine and pyrimethamine susceptibility, respectively [12, 13], were
highly prevalent across sites, predominantly as pure mutant genotypes. The pfdhps 437G mutation was fixed
or near-fixed in all settings: Uganda 97% pure + 3% mixed, Mozambique 78% + 20%, and Burkina Faso 88% +
8%, respectively. At pfdhps 540, Uganda and Mozambique had high frequencies of the pure mutant
540E allele, whereas Burkina Faso remained almost entirely pure wild-type, with rare mixed infections.

The pfdhfr mutations were also widespread. The 511 and 108N alleles were fixed as pure mutants in Uganda
and Mozambique, and predominant in Burkina Faso (73% and 83%, respectively), where a small proportion of
mixed infections was detected. The 59R mutation occurred at high prevalence, 91% in Burkina Faso and 98%
in Uganda, with mixed genotypes more common at these sites (24% and 33%, respectively). In Mozambique,
most 59R infections were pure mutants (89%), with only a minority mixed (7%).

For AQ-resistance—associated markers, we genotyped pfcrt codons 72—76 [14] and pfmdrl codons 86, 184,
and 1246 [12]. All samples carried the wild-type pfcrt CVMNK haplotype at codons 72-76, with only a small
number of mixed or mutant haplotypes observed in Burkina Faso. pfmdrl mutations were generally
uncommon. At codon 86, the wild-type N allele predominated at all sites, with only rare mixed or pure 86Y
mutants found in Burkina Faso. Similarly, at codon 1246, both pure and mixed mutant infections were only
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sporadically observed in Uganda and Burkina Faso. The 184F allele occurred at moderate frequencies across
sites, appearing mainly as pure mutant or mixed 184F/Y genotypes.
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Figure 6: Proportion of key SPAQ-resistance—associated mutations at baseline across study sites. Stacked bars
coloured by genotype status (pure wild-type, mixed mutant, and pure mutant). Markers include key positions
in pfdhps, pfdhfr, pfcrt, and pfmdr1.
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Discussion

Effective malaria chemoprevention relies on sustaining sufficiently high drug exposures throughout the at-risk
period to prevent reinfection and illness. Current SMC deployment consists of monthly administration of two
drugs, sulfadoxine-pyrimethamine given as a single dose, and amodiaquine given once a day over three days.
The initial randomised trials of SMC did not determine the relative contribution of each drug to the overall
protective efficacy. Knowing the relative contribution of amodiaquine to the overall protective efficacy is
important because it determines whether full adherence to the three-day course is important. This
pharmacometric assessment of SMC uses natural variation in drug exposures due to variation in body weight,
absorption and elimination to compare the contribution of sulfadoxine-pyrimethamine versus amodiaquine
for parasitological efficacy. We show that the day 28 desethylamodiaquine concentration was the primary
determinant of parasitological efficacy. Sulfadoxine (the slower eliminated component of sulfadoxine-
pyrimethamine) contributed little to the protection against malaria infection. A notable and somewhat
surprising result was the consistency of the exposure—response relationships across the three study sites. This
is particularly striking given the different sulfadoxine-pyrimethamine resistance profiles across these settings.
The consistency across sites strengthens the conclusion that amodiaquine exposure is the main determinant
of parasitological efficacy in SMC.

Sulfadoxine-pyrimethamine was once used widely for the treatment of malaria in Africa in the 1990s and early
2000s but rapidly succumbed to resistance. In Africa, sulfadoxine-pyrimethamine is now only used for
intermittent preventive treatment. Resistance to sulfadoxine-pyrimethamine is thought to be generally worse
in East and Southern Africa where the pfdhps K540E mutation (quintuple mutants) is highly prevalent.
However, parasites in West Africa are also partially resistant to sulfadoxine-pyrimethamine with very high
prevalence of the Pfdhps A437G mutation (quadruple mutant). Data from treatment studies done over 20
years suggest that the duration of protection from recurrent infection with quadruple mutants is ~30 days,
compared with ~16 days for the quintuple mutant [15]. This would suggest that sulfadoxine should have a
much greater contribution in Burkina Faso compared to Uganda and Mozambique. The data from these studies
do not support this prediction and show little contribution of the sulfadoxine component in West or in East
and Southern Africa in terms of parasitological efficacy. Prevention of infection at day 28 was only observed in
children who had high desethylamodiaquine levels (e.g. >24 ng/ml: population geometric mean exposure).
This implies that adherence to the three-day course of amodiaquine is essential for the effectiveness of SMC
as currently deployed.

11



Amodiaquine is an old antimalarial drug that was previously used extensively for prophylaxis in travellers
because it retained efficacy against chloroquine resistant P. falciparum. However, its use in prophylaxis was
discontinued in the 1980s because of rare toxicity, notably agranulocytosis and liver injury, in some cases fatal
[16]. These effects appear to follow prolonged exposure (weekly or daily prophylaxis) and have not been
observed in either treatment or seasonal malaria chemoprevention [17]. However, the dose given in SMC is
likely to be the maximum tolerated dose [18]. It could be dangerous to increase the daily dose to obtain higher
day 28 concentrations. Given that desethylamodiaquine concentrations are below optimal for many children
even after fully observed treatment, this implies that amodiaquine alone cannot achieve very high protective
efficacy. This supports additional interventions such as seasonal vaccination [19].

This pharmacometric analysis has some limitations. First, the quality of the data collection and follow-up was
variable across three studies. There were substantial issues in data collection and follow-up in Mozambique
where complete follow-up data was available in only 21% of participants. Because the exposures of interest
are the drug concentrations at day 7 and 28, and the outcome (malaria infection) is measured in the same
samples, this is unlikely to introduce bias. Second, it is not possible to entirely differentiate between the causal
contribution of higher desethylamodiaquine concentrations versus higher sulfadoxine concentrations.
Exposure to both drugs is highly correlated in the same individual (same mg/kg dose; same food effects on
absorption and age effects on elimination). The correlation is not perfect, but it is possible that a stronger
predictive relationship between desethylamodiaquine and malaria infection compared with sulfadoxine is due
to higher accuracy of the desethylamodiaquine measurement (less noise). The effects can only be
differentiated fully if the dosage of each drug were randomised independently (e.g. a factorial design). Third,
the exposure-response relationships inferred in this analysis were derived primarily from gPCR detection of
malaria parasites in blood. The primary therapeutic goal of SMC is not to prevent infection but to prevent
iliness. Parasitological and clinical efficacies are related by definition (iliness cannot occur without infection),
but the exact relationship has not been characterised. Age is a key effect modifier: any given infection is more
likely to become symptomatic in the younger children. It could be the case that the clinical efficacy of
amodiaquine is higher than its parasitological efficacy if sub-therapeutic concentrations do not prevent
infection but sufficiently restrict parasite multiplication thus preventing symptomatic illness. However, higher
parasitological efficacy would imply higher clinical efficacy, as well as providing greater spillover benefit in
terms of reducing transmission.

This meta-analysis of three studies of SPAQ as SMC in West and East Africa suggest that the parasitological
efficacy of SPAQ is sub-optimal. Desethylamodiaquine concentrations are too low in around half of all children.
Sulfadoxine-pyrimethamine appears to contribute little to the overall parasitological efficacy. Randomised
studies of alternatives to amodiaquine and of the added benefit of sulfadoxine-pyrimethamine should be
conducted in the Sahel and in other countries considering SMC deployment.

Methods

Data

This pooled analysis used individual-level data from three observational studies evaluating seasonal malaria
chemoprevention (SMC) with sulfadoxine—pyrimethamine plus amodiaquine conducted in Uganda
(NCT05323721), Mozambique (NCT05186363), and Burkina Faso (NCT05478954). The study designs and
methods for the Uganda and Mozambique components have been described in detail in the original papers
[8, 9]. The Mozambique enrolment count differs slightly from the previously published trial report due to use
of an updated participant list. Briefly, across all sites, children aged 3—59 months were enrolled at the time of
SMC administration and followed through a standardised sampling schedule comprising blood sample
collection at day O (pre-dose), day 7, and day 28. At enrolment, blood samples were used to quantify
Plasmodium parasitaemia and, where sufficient DNA was available, to perform molecular genotyping of drug
resistance markers (Pfcrt, Pfmdr1, PfAAT, Pfdhfr, and Pfdhps). Day 7 and day 28 samples were used to measure
plasma concentrations of sulfadoxine, pyrimethamine, amodiaquine, and desethylamodiaquine, with day 28
samples additionally used to assess parasitaemia. Drug administration was fully observed in Uganda, but only
the first dose of SP and AQ was directly observed in Burkina Faso and Mozambique.
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All three studies were sponsored by the Malaria Consortium. The Mbale Regional Referral Hospital-REC
(reference: MRRH-2022-168) and the Uganda National Council for Science and Technology (UNCST; reference:
HS2212ES) approved the study in Uganda; the Comité Nacional de Bioética par a Saude, Mozambique Ministry
of Health (reference 130/CNBS/22) and the Research Ethics Committee of the Hospital Clinic of Barcelona
(reference 16/2021) approved the study in Mozambique; the ethics committee for health research in Burkina
Faso (CERS) approved the study in Burkina Faso (reference N° 2022-07-167). In all three studies, the parents
or carers gave fully informed written consent and declared that they were willing and able to comply with the
study protocol and blood sampling. In Burkina Faso, due to lack of clarity in the initial information form
regarding blood sample collection and processing, a second consent was re-obtained after ethics
committee approval to address incomplete information regarding the planned use of blood analysis
results. The procedures were successfully implemented, and data from participants who could not be
traced were excluded from the dataset prior to analysis.

Analysis population

The analysis population comprised children who received SMC and had complete pharmacokinetic and
parasitological data across the scheduled follow-up visits (days 7 and 28). To ensure appropriate interpretation
of drug exposure, any samples suspected of having received another dose were excluded from all analyses.
Such cases were identified based on either (i) amodiaquine concentrations exceeding 10 ng/mL on day 28, or
(i) higher drug levels on day 28 compared to day 7.

Statistical analysis

Primary and secondary efficacy outcomes

The primary outcome was malaria infection by day 28, defined as detectable parasitaemia by PCR on day 28
or any episode of intercurrent clinical malaria between day 0 and day 28, defined as fever (axillary temperature
>37.5°C or history of fever within 24 hours) with a positive RDT.

Cycle threshold (Ct) values from gPCR at day 28 were analysed as a secondary outcome to explore the
association between post-treatment drug exposure and parasite burden. Lower Ct values indicate higher
parasite density. Ct values were treated as left-censoring with PCR-negative samples assigned a Ct of 40,
corresponding to the assay detection limit.

Exposure

Drug exposure was evaluated using post-treatment concentrations of sulfadoxine, pyrimethamine,
amodiaquine, and desethylamodiaquine measured on day 7 and day 28. For pyrimethamine, due to its short
half-life only day 7 concentrations were available (all concentrations on day 28 were below the LLOQ). For
amodiaquine, concentrations were frequently quantifiable at day 7 but decline rapidly with most values below
the lower limit of quantification by day 28, aside from small number of outliers. For sulfadoxine and
desethylamodiaquine, additional pharmacokinetic metrics were derived for each child, including the area
under the concentration—time curve (AUC) from day 7 to day 28 and the terminal elimination half-life. The
AUC was calculated using the log-transformed concentrations at the two sampling times and the trapezoidal
rule, representing the average exposure over the interval. Terminal half-life was estimated from the log-linear
decline between the two timepoints. All exposure metrics were standardized (z-score) to allow comparison
across drugs.

Primary exposure-efficacy analysis: malaria infection by day 28

To investigate the relationship between SMC drug exposure and the probability of malaria infection by day 28,
we fitted generalized additive models (GAMSs) with binomial link functions. Analyses were first conducted
separately for desethylamodiaquine and sulfadoxine followed by a combined model incorporating the selected
exposure proxies for both drugs and day 7 pyrimethamine concentration.

For each drug, multiple pharmacokinetic metrics were evaluated as potential predictors of protection (Figure
S6) in a univariable GAM adjusted for study site, baseline malaria infection, nutritional status (z-MUAC), and
smooth functions of age and enrolment time stratified by site. Akaike’s information criterion (AIC) were used
to identify the most informative exposure proxy for each drug.
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Based on this selection process, the standardized day 28 desethylamodiaquine concentration, the
standardized day 7 sulfadoxine concentration and the standardized day 7 pyrimethamine concentration were
included together in a multivariable GAM to assess their combined influence on malaria risk. All models were
fitted using restricted maximum likelihood (REML) with automatic smooth-term selection to penalize
overfitting and shrink non-informative terms. To reduce undue influence from extreme values, analyses were
restricted to observations with |z-score| < 3 for day 28 desethylamodiaquine and |z-score| < 4 for day 7
sulfadoxine.

To evaluate whether the protective effect of each drug varied with age, additional models were fitted
separately for desethylamodiaquine, sulfadoxine, and pyrimethamine, each including an interaction term
between the standardized drug concentration and age. These interaction models retained the same
adjustment set as the primary analyses.

Secondary analysis: parasite density (Ct values)

For secondary outcome, Generalised additive models (GAMs) with Gaussian errors and identity link were used
to flexibly identify dominant drug effects and potential interactions, adjusting for age, site, baseline Ct, mid-
upper arm circumference, and enrolment time. To appropriately account for left-censoring at Ct = 40, Gaussian
Tobit regression models [20] were fitted. Primary exposure variables included standardised (z-scaled)
concentrations of desethylamodiaquine at day 28, sulfadoxine and pyrimethamine at day 7.

Sensitivity analysis

To estimate the causal effect of day 28 desethylamodiaquine exposure on malaria outcome, we applied inverse
probability weighting based on the propensity score. Low versus high DAQ exposure was defined using a
threshold of 24 ng/ml as the population mean exposure. The propensity score, defined as the probability of
low exposure conditional on baseline covariates, was estimated using logistic regression including age,
nutritional status (MUAC z-score), sex, and study site. Stabilised inverse probability weights were constructed
and applied to create a pseudo-population in which measured confounders were balanced across exposure
groups. The primary casual effect was then estimated using a doubling robust weighted regression model
including the same covariates in the outcome model.

Software and code availability

All analyses were conducted in R (version 4.4.3). GAMs were fitted using the mgcv package [21] and left-
censored Tobit models were fitted using the survival package [22]. Propensity score—based inverse probability
weighting was used in sensitivity analyses, implemented using the ipw and survey packages [23]. All analysis
code used to generate the results and figures in this manuscript is available at [GitHub/Chayaninss/SMC-
Pooled-analysis].

Data availability

Pseudonymised participant data used in this analysis are available for access via the WWARN website
(https://www.iddo.org/wwarn/accessing-data). Requests for access will be reviewed by a data access
committee to ensure that use of data protects the interests of the participants and researchers according to
the terms of ethics approvals and the principles of equitable data sharing. Requests can be submitted by email
to malariaDAC@iddo.org via the data access form.
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Supplementary Materials

Table S1: Summary of malaria infection in the analysis population. Percentage of malaria infection, any species,
count over samples available for PCR, while species-specific infection percentage counted over PCR-malaria
positive subjects

Species Site Baseline Day-28 follow-up
All Overall 478/935 (51.1%) 284/935 (30.4%)
All Uganda 239/407 (58.7%) 109/407 (26.8%)
All Mozambique 68/104 (65.4%) 44/104 (42.3%)
All Burkina Faso 171/424 (40.3%) 131/424 (30.9%)
Pf Overall 435/478 (91%) 238/284 (83.8%)
Pf Uganda 223/239 (93.3%) 85/109 (78%)
Pf Mozambique 63/68 (92.6%) 41/44 (93.2%)
Pf Burkina Faso 149/171 (87.1%) 112/131 (85.5%)
Po Overall 86/478 (18%) 29/284 (10.2%)
Po Uganda 47/239 (19.7%) 22/109 (20.2%)
Po Mozambique 25/68 (36.8%) 1/44 (2.3%)
Po Burkina Faso 14/171 (8.2%) 6/131 (4.6%)
Pm Overall 11/478 (2.3%) 1/284 (0.4%)
Pm Uganda 10/239 (4.2%) 1/109 (0.9%)
Pm Mozambique 0/68 (0%) 0/44 (0%)
Pm Burkina Faso 1/171 (0.6%) 0/131 (0%)
Pv Overall 0/478 (0%) 0/284 (0%)
Pv Uganda 0/239 (0%) 0/109 (0%)
Pv Mozambique 0/68 (0%) 0/44 (0%)

Pv Burkina Faso 0/478 (0%) 0/284 (0%)
Table S2: Drug concentrations across sites, with values summarized as median (IQR).
Concentration (ng/mL)
Uganda Mozambique Burkina Faso

Sulfadoxine (Day 7) 28(22.2-38.7)x103  24.5(16.1—32.7) x103 31.3 (21.0 - 41.5)x103
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Sulfadoxine (Day 28) 1.6<LLOQ - 3.7) x103 <LLOQ (<LLOQ-1.7)x103 1.0 (<LLOQ - 3.2)x103

Pyrimethamine (Day 7) 91 (70-120) 46 (35 -70) 49 (34 - 69)
Pyrimethamine (Day 28) <LLOQ (<LLOQ - 6) <LLOQ (<LLOQ) <LLOQ (<LLOQ)
Amodiaquine (Day 7) 2 (<LLOQ - 5) <LLOQ (<LLOQ - 2) 3 (<LLOQ - 5)
Amodiaquine (Day 28) <LLOQ <LLOQ <LLOQ) <LLOQ <LLOQ)
Desethylamodiaquine (Day 7) 155 (117 - 205) 99 (69 - 148) 98 (69 - 140)
Desethylamodiaquine (Day 28) 30 (18 - 46) 14 (9-24) 26 (17- 39)

LLOQ: lower limit of quantification (840 ng/mL for sulfadoxine, 4.42 ng/mL for pyrimethamine, 1.87 ng/mL
for amodiaquine, and 2.95 ng/mL for desethylamodiaquine)

Table S3: Distribution of molecular resistance markers at baseline.

Frequencies of genotype status

Gene Position Genotype
Uganda Mozambique Burkina Faso
A 0(0%) 1(2%) 3(4%)
A437 A/G 1(3%) 9(20%) 7(8%)
G 33(97%) 36(78%) 74(88%)
pfdhps
K 0 (0%) 1(2%) 83(99%)
K540 E/K 0 (0%) 10(22%) 0 (0%)
E 34(100%) 35(76%) 1(1%)
N 0 (0%) 0 (0%) 9(11%)
N51 I/N 0 (0%) 0 (0%) 14(17%)
| 34(100%) 46(100%) 61(73%)
C 1(3%) 2(4%) 7(8%)
pfdhfr C59 C/R 8(24%) 3(7%) 28(33%)
R 24(75%) 41(89%) 49(58%)
S 0 (0%) 0 (0%) 4(5%)
$108 N/S 0 (0%) 0 (0%) 10(12%)
N 34(100%) 46(100%) 70(83%)
C72 C 117(100%) 46(100%) 88(100%)
V73 \Y 117 (100%) 46(100%) 88(100%)
Pfcrt
M 117 (100%) 46(100%) 83(94%)
M74
I/M 0 (0%) 0 (0%) 4(5%)
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I 0 (0%) 0 (0%) 1(1%)
N 117 (100%) 46(100%) 83(94%)
D/E 0 (0%) 0 (0%) 3(3%)
N75 E/N 0 (0%) 0 (0%) 1(1%)
D/N 0 (0%) 0 (0%) 0 (0%)
E 0 (0%) 0 (0%) 1(1%)
K 117 (100%) 46(100%) 83(94%)
K76 K/T 0 (0%) 0 (0%) 4(5%)
T 0 (0%) 0 (0%) 1(1%)
N 29(100%) 46(100%) 75(96%)
N86 N/Y 0 (0%) 0 (0%) 1(1%)
Y 0 (0%) 0 (0%) 2(3%)
Y 9(31%) 21(46%) 28(36%)
Pfmdrl
Y184 F/Y 10(34%) 15(33%) 15(19%)
F 10(34%) 10(22%) 34(44%)
D 38(95%) 46(100%) 77(99%)
D1246
D/Y 1(3%) 0 (0%) 1(1%)

19



Uganda | Uganda
40 A - 60 -
30
40+
204
104 20+
0+ 0+
Mozambique
5-
44 . L
%]
% 31 T 4-
3 =1
0 2 o
(%] o ;]
14
0+ 04
Burkina Faso ' Burkina Faso Burkina Faso
30+ 40+
104
e 30
54 20
10+ 104
04 . — . 01— -— . . 1 04, . - ;
0 20 40 60 5 10 15 20 25 9 12 15 18
Age (month) Weight (kg) MUAC (cm)
Age (month) Weight (kg) MUAC (cm)

Figure S1: Distributions of demographic characteristics of the analysis population. Dashed lines represent
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20




100

Baseline 51% (95%CI: 48-54%)
Follow-up 33% (95%Cl: 30-36%)

80

“ !
S
S

¢

P. falciparum infection (%)

3 4
Age (years)

—_
N -
-

4@ Bascine @) Follow-up

Figure S3: Plasmodium falciparum-specific infection prevalence by age. Children aged 3—11 months received
a half-dose of SPAQ. Prevalence point estimates are shown with 95% binomial confidence intervals.
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Figure S4: Drug concentrations in vomited VS non-vomited children. Individual plots colored by site are
presented along with population median and interquartile ranges as error bars. Dashed lines are the lower
limit of detection of each drug. Treatment-related vomiting was recorded in 31 children: 13/407 (3%) in
Uganda, 3/104 (3%) in Mozambique, and 15/423 (4%) in Burkina Faso. All children who vomited were
confirmed to have received a repeat dose. After adjustment for site, vomiting status was not associated with
drug concentrations for most drugs and time points. For desethylamodiaquine at day 28, mean concentrations
were slightly higher among children who vomited (p-value 0.03), however, the ranges substantially
overlapped between groups. The median (IQR) concentrations of day 28 desethylamodiaquine were 34
ng/mL (IQR: 18-55 ng/ml) in the vomiting group and 27 ng/ml (IQR: 17-42 ng/mL) in the non-vomiting
group.
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Figure S5: Distribution of standardized (z-score) exposure metrics for Desethylamodiaquine (DAQ),
Sulfadoxine (SUL) and pyrimethamine (PYM). Metrics include standardized day 7 and day 28 concentrations,
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population.

23



Day 28 Parasite per mL

3
®
10° 10°1 ¢
107 Al <
£ 107 3
B i
101 g g
g 10 §
5. [ ]
10 s s
& 10”1 &
10*A Q @
> 10%1 >
© ©
10°1 o a
103.
102..
' v ' ' 10°1 T 10°1 ' ' v
3 10 30 100 10° 10° 10 30 100
Day 28 Desethylamodiaquine (ng/mL) Day 7 Sulfadoxine (ng/mL) Day 7 Pyrimethamine (ng/mL)
'0' Uganda M que -  Burkina Faso ® Observed A Censored (<LLOQ)
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concentrations were log-transformed and standardised to allow comparison across drugs.
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Figure S8: Predicted probability of malaria infection and post-treatment drug concentration distributions.
Predicted probability of malaria infection by day 28 is shown against concentrations of D28
Desethylamodiaquine calculated for a child of median age, weight, and MUAC who was malaria-negative at
baseline. Histograms show concentration distributions by site. The black dashed line marks the overall mean,
and coloured dashed lines denote site-specific medians and interquartile ranges. Shaded vertical stripes
indicate one-standard-deviation intervals from the mean
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Figure S9. Propensity score for low day 28 desethylamodiaquine exposure (<24 ng/mL) by age.
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Figure S10: Individual-level genotyping of key SPAQ-resistance—associated mutations at baseline across study
sites, ranked by the number of mutant codons. Colours indicate genotype status (dark blue = pure wild-type,
pink = mixed mutant, and red = pure mutant). Markers include positions in pfdhps, pfdhfr, pfcrt, and pfmdr1.
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Figure S11: Amodiaquine dose per kilograms administered by age. Children below one-year-old got 75 mg of
amodiaquine (half dose) otherwise got 150 mg (full dose). Colours indicate whether day 28
desethylamodiaquine concentration was above or below the predefined threshold.
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Figure S12: Propensity scores for low versus high day 28 desethylamodiaquine exposure.
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