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modelling study
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In 2022, the World Health Organization extended their guidelines for perennial malaria
chemoprevention (PMC) from infants to children up to 24 months old. However, evidence for PMC’s
public health impact is primarily limited to children under 15 months. Further research is needed to
assess the public health impact and cost-effectiveness of PMC, and the added benefit of further age-
expansion. We integrated an individual-based model of malaria with pharmacological models of drug
action to address these questions for PMC and a proposed age-expanded schedule (referred as PMC+,
for children 03-36 months). Across malaria prevalence settings of 5-70% and different drug sensitivity
assumptions, we predicted PMC and PMC+'s median efficacy (interquartile range) of 18.6% (12.2-
25.0%) and 21.9% (14.3-29.5%) against clinical disease and 9.0% (2.0-16.0%) and 10.8% (3.2-18.4%)
against severe malaria, respectively, in children under three years. PMC'’s total impact outweighed
the risk of delayed malaria in children up to age five and remained cost-effective across currently
recommended transmission intensities (over 10% prevalence) when delivered through the existing
Expanded Program on Immunization channels. Further empirical evidence of likely added benefit,
operational feasibility and sustainability of age-expanded PMC will be essential to complement our
model-based findings.

Keywords Plasmodium falciparum malaria, Chemoprevention, Mathematical model, Public health practice,
Cost-effectiveness

The World Health Organization (WHO) recommends perennial malaria chemoprevention (PMC) to protect
children up to 24 months of age from Plasmodium falciparum malaria in settings with perennial transmission, and
medium to high parasite prevalence greater than 10% among 2-10-year-olds. A course of prophylactic treatment
with antimalarial chemoprevention drug (such as, sulfadoxine-pyrimethamine - SP) is given at pre-specified
ages usually through Expanded Program of Immunization (EPI), regardless of a child’s infection status. The
2022 WHO guidelines' substantially revised previous recommendations for intermittent preventive treatment
in infants (IPTi) to encourage broader adoption of this safe, affordable, yet underutilized malaria control
intervention!'~>. Multiple factors were thought to have contributed to the insufficient uptake of IPTi: inconsistent
effectiveness against malaria morbidity®, insignificant impact on mortality’, a fixed dosing schedule (while EPI
schedules vary by country), unclear eligibility of target seasonality settings (limiting adoption in countries that
more widely adopted seasonal malaria chemoprevention - SMC covering a wider age range), and deployment
based on parasite genetic biomarkers (while many countries do not have regular genetic surveillance)®. With
these major revisions, the WHO encourages PMC to be timed according to local EPI schedule or using available
touchpoints outside of EPI>!°. The restriction to deploy it according to parasite genetic biomarker prevalence
was also lifted, based on the accumulated evidence of SP’s maintained effectiveness against partially resistant
parasites (such as, mutations in the Pfdhfr gene encoding dihydrofolate reductase and Pfdhps gene encoding
dihydropteroate synthase)!!.
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There is currently limited information on the public health impact of the updated PMC guidelines"!!. Three
clinical studies evaluated age-targeted SP’s efficacy in children up to 15 months'>-!%, and a recent modelling study
assessed it up to 18 months of age'. One clinical trial investigated the program in children up to 24 months, but
implemented different monthly dosing schedules than current PMC'®. Similarly, some implementation projects
(such as UNITAID’s ‘Plus Project’) are supporting the design of flexible PMC dosing time-points in children
under two as per local EPI touchpoints”!®. However, no study has yet explored the potential for enhancing
public health impact by incorporating further age-expansion into next-step designs™!!.

While PMC is usually perceived to be safe, the risk of delayed malaria is often a concern. This is because a
time-limited intervention that targets young children may interfere with the acquisition of natural immunity'¢-%,
To note, post-intervention delayed malaria effects are often referred interchangeably as rebound, leading to
vague interpretations and an unclear understanding of the issue!”!8. The WHO’s Global Malaria Programme
recently laid out a framework for systematically assessing post-intervention effects. However, there remains
limited information of this risk due to the limited uptake of the revised PMC as yet, and early IPTi trials showed
contradictory effects'®*. As a result, there is a need to collate evidence of PMC’s positive net benefit over the
intervention and post-intervention period against clinical and severe malaria to support its wider deployment! 7.

In this context, mathematical modelling offers useful tools to assess the public health impact of malaria
chemoprevention scale-up and policy-expansion®*!. However, we found only one modelling study that assessed
delayed malaria risk of PMC in children older than 12 months of age, and this study applied a monthly dosing
schedule for three months that differs from current PMC dosing recommendations®2. Similarly, an economic
analysis of PMC-SP in children aged 3 to 59 months was based on different dosing schedules®. Since additional
EPI touch points exist up to 36 months of age (such as for booster doses of diphtheria and tetanus vaccines,
deworming between 12 and 23 months, the second dose of the measles vaccine at 15 or 18 months, vitamin A
supplementation in 6-59 months), reaching children up to 36 months could pave the way to increasing PMC’s
impact through an age-expansion'!.

In this study, we modelled two age-targeted SP dosing schedules under various assumptions for drug
resistance and chemoprevention coverage: (i) current PMC for children 03-24 months and (ii) an age-expanded
PMG, referred as PMC-plus (PMC+) for children 03-36 months old. These schedules were selected according to
age-patterns of severe malaria risk and likely routine EPI touchpoints®>!l. We further compared our results to
those using former IPTi deployment to support calibration of our drug model. We examined post-intervention
effects in children up to age five and explored possible mitigation strategies for any potential of delayed malaria
effects!”. The cost-effectiveness for EPI-linked delivery of both PMC and PMC +was assessed in various access
to healthcare settings to inform potential implementation studies!'.

We evaluated the public health impact and cost-effectiveness of PMC and PMC +in archetypal perennial
and representative sub-perennial transmission settings (where malaria incidence increases during rainy seasons
in addition to being present year-round?’). These include all regions where PMC guidelines apply. Besides,
hotspot perennial malaria prevalence is also found in countries experiencing primarily seasonal transmission
(e.g., in Kenya??). Since these areas fall outside of SMC?’, deploying PMC will likely benefit also such areas,
although the broader country setting adopts SMC. We aim to use this quantitative evidence to inform pilot
implementation studies and new malaria chemoprevention guidelines to achieve a greater impact and reduce
missed opportunities, particularly among the most vulnerable young children.

Results

Impact on malaria morbidity

PMC with seven SP doses and PMC + with nine SP doses were simulated as continuous programs aligned with
exemplar EPI touchpoints. To assess the public health benefits attained by PMC or PMC+ (hereafter referred as
“PMC(+)” to indicate either PMC or PMC + deployment) and to support model calibration of SP, former IPTi
was simulated with three SP doses in infants. All results were reported five years after the intervention rollout.
Thereby, participants who were enrolled in the first year of the program had received all PMC(+) doses and
reached post-intervention ages at the time of analysis.

Our results suggested that an age-expanded PMC schedule will likely improve impact in different
transmission, parasite genotype, and clinical settings across perennial and sub-perennial seasonality (Fig. 1a).
Overall, we predicted PMC and PMC + to have median (interquartile range) efficacy of 18.6% (12.2-25.0%) and
21.9% (14.3-29.5%) against clinical malaria in children under three years, and 9.0% (2.0-16.0%) and 10.8%
(3.2-18.4%) against severe malaria, respectively. Both PMC and PMC + showed substantially increased efficacy
compared to IPTi across settings (relative increase of efficacy of 118.3% and 152.65% against clinical and 62.95%
and 97.05% against severe disease, respectively). We predicted increasing protection against clinical cases with
increasing transmission, lower access to case management (first-line treatment with artemether-lumefantrine),
and increasing program coverage. Consistent with earlier reports, our results indicated that SP remains largely
effective as a chemoprevention drug in the face of partial SP resistance (such as, quadruple dhfr-511, dhfr-
59 A, dhfr-108 A, and dhps-437G mutations in Pfdhfr and Pfdhps genes)*!!:*. The increase in efficacy by
PMC + compared to PMC remained largely sustained against clinical malaria in both partially SP-resistant and
SP-sensitive settings (Fig. 1b). The efficacy increased modestly by PMC+, and with larger uncertainty bounds
against severe malaria, in line with the low-certainty evidence of PMC’s impact against severe disease!l. The
uncertainty range was smaller for SP-sensitive settings. PMC + was found to better cover children throughout the
immunologically vulnerable ages. However, further studies will be important for any implementation decision-
making and thus increasing the evidence and estimates of benefit across different setting. Implication or risk
of spread of drug resistance due to dose expansion should be interpreted with caution, as we will discuss later.

As expected, PMC(+)’s total program coverage influenced its effectiveness. A coverage of 80%, 60%, or 40%
at each dosing cycle led to only about 20.97%, 2.80%, and 0.16%, children receiving all seven PMC doses, and
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Fig. 1. Protective efficacy against all episodes of clinical and severe malaria over the first three years of

life, expressed as a relative reduction of the incidence rate ratio. The left plot in panel (a) shows the median
efficacy and associated interquartile range in perennial and sub-perennial settings with medium (PfPR, _,,
10-19%, EIR 8) to very high intensity of transmission (PfPR,_,, 60-70%, EIR 128). Results depict the impact
of dosing schedules for IPTi, PMC, and PMC + simulated under full chemoprevention coverage (100% at
each dosing cycle) in either SP-resistant (partial resistance conferred by Pfdhfr and Pfdhps mutant genotypes)
or SP-sensitive (wild type P. falciparum) settings. The prophylactic period lasted 35 days in resistant settings
compared to 42 days in sensitive settings. Varying healthcare strength is represented by low (10%), medium
(30%), and high (50%) probability of accessing case management within 14-days post-diagnosis. The right
plot in panel (b) depicts the relative increase of median efficacy (interquartile range) by PMC + compared to
PMC. CM: case management; EIR: entomological inoculation rate per person per year; IPTi: intermittent
preventive treatment in infants; PMC: perennial malaria chemoprevention; PMC+: proposed age-expanded
perennial malaria chemoprevention; PfPR, _, - P. falciparum prevalence in 2-10-year-olds; SP: sulfadoxine-
pyrimethamine.

13.42%, 1.01%, and 0.03% children receiving all nine PMC + doses, respectively. This, in turn, led to differential
impact against clinical and severe cases (Supplementary Fig. S2a). Although effectiveness against clinical cases
consistently increased with higher chemoprevention coverage across settings, effectiveness against severe
cases varied depending on both access to case management (CM) and assumptions about drug sensitivity
(Supplementary Fig. S2a and Fig. S2b). Nevertheless, a median effectiveness of 13.4% (5.6-21.2%), and 15.1%
(6.1-24.1%) against clinical cases, and 6.3% (-0.5-13.1%) and 7.2% (-0.1-14.5%) against severe cases could be
achieved by PMC and PMC +across settings, including those with varying levels of lower coverage.
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Furthermore, we tracked the cumulative cases that could be averted by expanding the age range of PMC. These
findings could be used to advocate for benefits among implementation partners’. For instance, PMC + reduced
about 500 more clinical cases compared to PMC by the 5th year post-deployment in settings with partial drug
resistance in a village level population of 10,000 people (PfPR, _,, 50-59%) (Supplementary Fig. S3).
Post-intervention delayed malaria
For malaria chemoprevention targeting young children, it is important to monitor post-intervention effects.
Although, based on SP’s shorter duration of protection, PMC with SP is less likely to interfere with the development
of antimalarial immunity acquisition than other, longer acting or more efficacious chemoprevention!”. We
recorded a low risk of an age-shifted burden of malaria in children up to five years across the wide transmission
range (Fig. 2a, b). While there is a shift, the net impact remains positive as is discussed below. The extent of
delayed malaria was lower in fully drug sensitive settings. Our results argue in favor of age-expansion to protect
children against malaria throughout their most vulnerable years, since a low risk of delayed malaria was also
predicted for PMC+. The age pattern of incidence was similar across settings with high levels of access to care
for all modelled prevalence levels.

Overall net intervention impact

A positive net benefit (i.e., total intervention and post-intervention impact)!” of PMC(+) was sustained in
children up to five years (Fig. 2¢c, d). This net benefit increased in higher prevalence settings, outweighing the
increased risk of delayed malaria. This was noted for both clinical and severe cases, especially when higher access
to treatment was available. The positive net benefit against clinical cases was maintained for up to one year, and
against severe cases for at least up to six months following the final dose of PMC, despite SP’s short period of
protection.

The risk of delayed malaria and the extent of the program’s net benefit was driven by the characteristics
of the setting, particularly for severe malaria® (Fig. 3). As anticipated, protection against severe malaria was
largely influenced by the level of access to first-line treatment due to the need to counter age-shifted malaria
cases. Our results indicate that in settings with moderate to high access to malaria treatment PMC was able to
mitigate the risk of both delayed clinical and severe malaria. This emphasizes the need for strong healthcare
systems, especially for adequate management of severe malaria cases once children are no longer eligible for
PMC(+). Additionally, levels of baseline annual malaria prevalence were influenced by the level of access to
first-line treatment for malaria cases (Supplementary Fig. S4). This reinforces the WHO’s ongoing emphasis on
strengthening case management'!.

Trends of cost-effectiveness

We assessed affordability in terms of incremental cost-effectiveness (ICER) of PMC(+) against malaria morbidity
to inform decisions for possible implementation'. Given that SP is a low-cost drug, especially when delivered
through the EPI?’, ICER was found to be aligned with the trends we observed above for PMC(+)’s effectiveness
and total impact against clinical and severe cases. We anticipate affordability to be more favourable in higher
transmission settings with lower access to treatment. The median ICER of either PMC or PMC+, measured in
comparison to no chemoprevention, ranged between US$0.15 to US$0.8750 per clinical case averted (Fig. 4a),
and between US$8.78 to US$22.88 per severe case averted (Supplementary Fig. S5) across WHO recommended
transmission levels.

As a secondary economic analysis, we examined the total intervention costs, after accounting for treatment
expenses for managing clinical malaria cases by using a first-line treatment artemether-lumefantrine (Fig. 4b).
We found estimated cost savings across these settings between US$0.43 to US$1.15 per clinical case averted.

Accordingly, the incremental cost-effectiveness of age-expanded PMC+compared to current PMC
(ICERpy;c, pmc) indicated higher cost-effectiveness in moderate to high transmission intensity settings
(PfPR, _,,>10%, EIR>8) for all levels of access to care (Fig. 5a). The net cost-effectiveness analysis included
a combination of chemoprevention delivery and treatment cost-savings across different coverage levels and
drug susceptibility scenarios (Fig. 5b). These values were determined by both the epidemiological setting
characteristics and intervention coverage. Our results demonstrated better cost savings in SP-sensitive settings,
even when PMC(+) coverage was reduced to some extent (up to 80% and 60% cycle coverage for PMC and
PMC + respectively). On the contrary, the total cost increased under reduced coverage levels in resistant settings
as compared to PMC with full coverage. In such settings, fewer clinical cases were estimated to have been
averted, and thus higher total treatment costs were calculated. Our analysis assumed higher treatment cost per
episode of clinical malaria (with artemether-lumefantrine) than per dose PMC(+) with SP delivery at their 2024
cost values (Supplementary Table S5).

Validation of results against empirical data

Before collating these model-based insights, we validated our model’s (OpenMalaria) estimated effect sizes
against an early randomized controlled IPTi trial?®. In addition, all outputs were compared to a recent meta-
analysis®. Another objective of comparing in-silico trial results to empirical data was to examine SP’s parasite
life-stage specific mode of actions that included: either (1) a blood-stage action that clears existing infections
or (2) a liver-stage prophylactic action that prevents new infections, or (3) a combined blood- and liver-stage
action, assuming each effect is independent?*°.

The median protective efficacy (PE) of SP was evaluated by administering three doses to children at three,
four, and nine months of age (Supplementary Table S2). Our results showed that combined blood- and liver-
stage activity®! overestimated the effect size (Supplementary Fig. $6). The range of PE from either only blood- or
liver-stage activity corresponded to the empirical data range. However, we selected the blood stage parasite
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Fig. 2. Post-intervention effects by age. The top panels (a, b) show the impact of PMC or PMC + on the

age pattern of malaria incidence in children under five compared to control group in perennial malaria
transmission areas. The bottom panels (c, d) show the total impact, expressed as cumulative cases per age. Grey
shaded areas depict the age targeted by each intervention. Results are depicted for settings with high prevalence
(PfPR,_,,40-49%, entomological inoculation rate 32), medium access to treatment (30% probability within
14-days post-infection) and full chemoprevention coverage. PMC (R): perennial malaria chemoprevention in
partially SP-resistant settings; PMC (S): perennial malaria chemoprevention in SP-sensitive settings; PMC+
(R): proposed age-expanded perennial malaria chemoprevention in partially SP-resistant settings; PMC+ (S):
proposed age-expanded perennial malaria chemoprevention in SP-sensitive settings; PfPR, _,: P. falciparum

-10
prevalence in 2-10-year-olds; SP: sulfadoxine-pyrimethamine.

clearing action of SP for all simulations in this study. This is because existing evidence suggests that longer
acting sulfadoxine is likely to have asexual blood-stage parasites clearance action, which drives the duration
of prophylaxis®>~34. As yet, there is no clear understanding of its liver stage activity>>*¢. Only a few pre-clinical
studies revealed that the partner drug pyrimethamine may act against liver-stage parasites in animal models®.
Altogether, blood stage clearance activity was applied to model all scenarios in this study. This way our model
estimated effect size (median PE of 22.7% against clinical cases) closely matched to the empirical data (22.6% in
the replicated IPTi trial®® and 22% in the meta-analysis® ~Supplementary Table S2 and Table S3). Additionally,
consistent with the findings from the replicated trial, we found that PE from both the intention-to-treat schedule
(that included all participants who received at least one SP dose) and per-protocol schedule (that included only
participants receiving all doses) showed very low difference (Supplementary Fig. S7). All results presented in
this study were performed following an intention-to-treat schedule. The protection lasted for about one month
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Fig. 3. Cumulative cases averted in the intervention and follow-up ages under different levels of case
management (CM) settings. The strength of healthcare systems is depicted by a low (10%) and high (50%)
probability of having access to case management (within 14-days post-infection). Results are shown for
settings with high prevalence (PfPR, _,, 60-70%) in regions with low and high access to treatment and 100%
chemoprevention coverage. Grey shaded areas indicate the period of intervention up to three years of age.
CM: case management; PMC (R): perennial malaria chemoprevention in partially SP-resistant settings;
PMC (S): perennial malaria chemoprevention in SP-sensitive settings; PMC+ (R): proposed age-expanded
perennial malaria chemoprevention in partially SP-resistant settings; PMC+ (S): proposed age-expanded
perennial malaria chemoprevention in SP-sensitive settings; PfPR, _, : P. falciparum prevalence in 2-10-year-
olds; PPYAR: per-person per year at risk; SP: sulfadoxine-pyrimethamine.

after each dose in partially SP-resistant settings®*’, and the risk of delayed malaria was low?® (Supplementary
Fig. S8).

Discussion
Our modeling study addressed important research needs to better understand the potential public health impact
of the WHO’s revised (2022) perennial malaria chemoprevention (PMC) recommendations. We focused on
generating quantitative evidence for the effectiveness and cost-effectiveness of PMC across recommended
settings, alongside assessing potential post-intervention effects. We additionally examined a potential age-
expanded delivery strategy (PMC+) for children up to 36 months of age. Our proposed deployment of PMC(+)
leveraged existing routine EPI delivery channels!. Although the current guidelines do not necessitate resistance
biomarker-based deployment, we compared all outcomes in partially SP-resistant (prevalent quadruple mutation
in Pfdhfr and Pfdhps genes!!*) and fully SP-sensitive parasite settings. These results can inform discussions
around the rationale of continued SP use across different parasite genotype settings. Overall, our study provides
evidence for multiple open research questions to inform implementation decisions around the updated PMC
recommendations. Furthermore, using a validated disease and intervention model, we estimated that expanding
PMC to older children will reduce missed opportunities to prevent malaria during the most vulnerable ages.
We found that adding only two additional dosing cycles to PMC improved the intervention’s effectiveness
by a median of 16.7% against clinical and 17.4% against severe malaria compared to the current PMC across
the full range of prevalence, healthcare strength, drug sensitivity and seasonality settings. If more doses could
be added through further EPI contacts or alternative delivery channels, the effectiveness will likely improve.
Both PMC(+) schedules were shown to be more protective against clinical malaria in weaker healthcare systems.
Although, the effectiveness of both PMC and PMC +reduce in settings with lower coverage, PMC + was found
to achieve higher effectiveness compared to PMC against clinical malaria (for instance, 80% coverage at each
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Fig. 4. Incremental cost effectiveness for PMC and PMC + in partially SP-resistant and fully SP sensitive
settings with various levels of access to treatment, compared to a counterfactual of no chemoprevention.
The left panel (a) depicts the cost of PMC(+) delivery, while the right panel (b) shows total cost-savings for
treating clinical cases using first-line treatment with artemether-lumefantrine after accounting for PMC(+)
delivery cost. PMC: perennial malaria chemoprevention; PMC+: proposed age-expanded perennial malaria
chemoprevention; SP: sulfadoxine-pyrimethamine.

dosing cycle for PMC + compared to higher coverage for each cycle of PMC). This will likely alleviate concerns
against gradually reducing coverages and total impact for expanding number of chemoprevention doses.

We modelled varying assumptions concerning drug sensitivity utilising different half-maximal effective
concentration (EC50) values®®. In accordance with earlier findings, we found that the effectiveness of
chemoprevention with SP was largely maintained in settings with partially resistant quadruple mutant genotypes
(where SP remains protective for about 35 days)"?”. The increased efficacy by PMC’s age-expansion thus provides
a higher level of protection compared to PMC, thereby mitigating the concerns of reduced efficacy in resistant
settings to some extent. Our results support earlier evidence showing that resistance conferring mutation is
only one of the many factors that contribute to the chemoprevention effectiveness of a drug, including coverage,
adherence, policy uptake, and the nutritional and immune status of recipients®®. Consistent with SMC modelling
results®®, we speculate that the proposed age-expansion is unlikely to contribute to the spread of SP-resistance,
as PMC +is to be given to a comparable age group to PMC. However, the analysis of genetic biomarker survey
data can better address such concerns in empirical settings. Specifically, monitoring the type of mutation is
important, as higher prevalence of the quintuple mutant genotype (where the prophylactic effects of SP lasts for
about 20 days?**%) could potentially further diminish chemoprevention efficacy.

This is the first study to evaluate the post-intervention effects for revised PMC recommendations, following
the WHO's guidelines and evaluating effects up to age five!"!”. Our understanding of PMC’s rebound dynamics
is still inconclusive, due to the relatively short follow-up duration of one year after the last PMC dose, and due to
the challenges of performing empirical studies with long follow-up!®°. We did not find any trial that monitored
these effects beyond age three. In this study, we monitored the age-pattern of incidence up to age five. Our
results indicated low risk of age-shifting for both the “leaky” PMC and PMC + deployment, consistent with the
conclusions from the WHO?’s report on rebound phenomenon!”. However, patterns of risk differ between clinical
and severe malaria. Higher net impact against severe malaria was recorded in settings with high access to case
management, in contrast to higher impact against clinical cases in settings with low access to case management
setting. These results suggest that the low risk of delayed severe malaria can be mitigated by strengthening health
systems. PMC(+)’s total impact was shown to be higher in fully drug sensitive settings. This strengthens the

Scientific Reports |

(2025) 15:10488 | https://doi.org/10.1038/s41598-025-93623-z nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

a Resistant ‘ ’ Sensitive
2
3-
o
=
[N
S 2-
z L 4
= N
2
1= v
— 1- \\ \ ’
2 -0 _
-~ = ’ s - ’ e =~
* V‘V‘v—\’,—v b4 .\0\‘
o V=3:=8:=¢0:=-=¢-0-¢-9
4 8 16 32 64 128 256 512 1024 4 8 16 32 64 128 256 512 1024
b Entomological inoculation rate (EIR)
Case management (%) € 10 30 50 & 80
: ’ Resistant ‘ ‘ Sensitive
::5000-,7:,@E
2 )
v .'b. ) Y
— 2500- %U R
8 ‘e
3 ® i \
T o Eo}‘g -
g ~
o L,
QE,-zsoo- s
-
5 ~,,
: 1 1 1 L} 1 1 I
- -3000 -2000 -1000 0 1000 -2000 0 2000 4000
(-) Incremental impact (+)
@ PMC, cycle coverage 40% PMC+, cycle coverage 40%
o PMC, cycle coverage 60% @ PMC+, cycle coverage 60%
PMC, cycle coverage 80% PMC+, cycle coverage 80%
-] PMC, cycle coverage 100% @ PMC+, cycle coverage 100%

Fig. 5. Projected incremental cost-effectiveness of PMC + against clinical malaria compared to PMC
(ICERpy4c, pmc) for a cohort of 1000 children. The top panel (a) denotes ICERy, ., oy in different
transmission (shown by entomological inoculation rates) and case management levels. The bottom panel (b)
depicts the total cost after accounting for treatment cost savings versus the number of clinical cases averted
across different drug sensitivity and chemoprevention coverage assumptions. The total cost was estimated by
subtracting treatment cost from chemoprevention cost. The comparator is PMC with 100% coverage for all
dosing cycles, in partial SP-resistant settings (indicated by the black box in panel b). Each point represents the
total cost-effectiveness dynamics at each simulated entomological inoculate rate (EIR) relative to the respective
comparator values in the same EIR. The cost-effectiveness benefit relative to the comparator was determined
by the transmission and levels of chemoprevention coverage. The trend of this is shown for PMC + with

100% coverage in the sensitive setting by annotating the values at the lowest (EIR 4) and highest simulated
entomological inoculation rate (EIR 1024). Results depict perennial settings. PMC: perennial malaria
chemoprevention; PMC+: proposed age-expanded perennial malaria chemoprevention; SP: sulfadoxine-
pyrimethamine.

rationale for continuing efforts to contain the spread of resistance and to explore alternative drug candidates,
even though SP remains effective as a chemoprevention drug in partially resistant settings!!.

Consistent with other clinical and modelling studies, we found that PMC(+) will remain cost-effective
in moderate to high transmission settings?’. Median ICER showed both PMC and PMC + will likely remain
affordable at under US$1 per clinical episode and under US$23 per severe episode of a potentially life-threatening

disease averted, across recommended levels of malaria transmissions (PfPR,_,, above 10%, EIR 16 or more).
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Implementing PMC(+) resulted in cost savings up to US$1.15 per clinical case averted. PMC + will likely be
more affordable in regions with a higher intensity of transmission, drug-sensitivity, and lower access to case
management. This result makes a strong case that PMC(+) will continue to deploy SP, given it is relatively cheap
drug, and can be delivered through existing EPI"Y. Moreover, although gradually reducing chemoprevention
coverage decreases effectiveness, increased cost savings from PMC + compared to the current PMC with full
coverage were observed even under reduced coverage assumptions (such as, up to 60% cycle coverage for PMC+)
particularly in SP-sensitive settings. These results indicated PMC(+) is likely to be substantially more affordable
compared to other malaria chemoprevention, such as vaccines. For instance, median ICER for deploying RTS, S
vaccine is predicted to be between $204 to $279 per clinical case averted®. However, since the interplay of lower
coverage and drug resistance may increase the cost of PMC or PMC + implementation, it is crucial to maintain
high coverage levels, particularly in settings with high drug resistance. To note, estimates of detailed health
savings and cost-effectiveness based on country data are beyond the scope of this work. Hence, we did not select
any threshold of cost-effectiveness®. To realize health benefits in areas of reduced SP sensitivity, repurposed or
next-generation tools are needed that target resistant parasites. Also, to maintain a comparable health economic
benefit, the cost of goods for these tools must closely align with those of SP. The possibility to deploy PMC(+)
through channels alternative to EPI also remains open for future studies®?!*. However, our findings indicate
a positive trend of incremental cost-effectiveness for an age-expanded dosing schedule, providing valuable
insights for pilot implementation studies.

To reliably predict a drug’s impact, it is important to understand its mode of action. Surprisingly, despite
long and widespread use of SP for chemoprevention, there is no conclusive evidence for the combination drug’s
parasite life-stage specific mode of action®**. Two modeling studies explored differing hypotheses**!. Our
model validation results suggest that SP’s blood-stage parasite clearing activity is the relevant mechanism of
action, as aligned with earlier studies®**?, and this model was applied for all predictive analysis in this work.

As with any modeling study, there are several limitations to our results. First, as previously elaborated,
our predictions are based on the dominant blood-stage activity of sulfadoxine, but clear evidence of SP as a
combination may need further investigation. Our broad conclusions regarding the impact of PMC(+) will likely
hold true, as shown in earlier studies that compared different modes of SP’s action*!. However, this study is not
suited to be able to conclude whether alternative modes of action (such as, only liver-stage prophylactic action
or a combination of blood- and liver-stage activity) lead to differences in immunity acquisition. Second, we
acknowledge the evolution and recent spread of more resistant quintuple (such as, 540E), or newly emerging
sextuple (such as, 581G) mutant genotypes further reduce SP’s prophylactic benefit. While we do not model
these explicitly in our current study, here we modelled the impact in widespread quadruple mutant genotype
settings®’. This is to generate an overview of PMC and for the first-time explored PMC+’s impact in settings with
established quadruple mutant genotypes as a baseline of effectiveness in partial resistant scenarios. However, we
acknowledge that our simulations including resistance does not capture all resistance contexts in many malaria-
endemic countries in east Africa. Moreover, the current model does not estimate other, potentially positive
secondary, off-target effects of SP on bacterial or fungal infections** that may increase the overall health benefit
of PMC and PMC+. Altogether, the focus and scope of this study is not explicitly aligned with multiple resistant
genotype assumptions, yet our approach can be extended to estimate effectiveness across settings of different
levels of resistance. Third, it may be beneficial to expand PMC to children up to five years old, who remain at
risk of malaria®*. However, this will require alternative and reliable delivery channels as EPI touch points are
not available for this age group. Currently, there is limited operational experience with such delivery options
and no clear estimations of the cost for establishing and delivering through alternative channels!"*. Finally, our
model does not explicitly assess the impact of chemoprevention on anemia, although this is of little significance
for PMC given SP’s short duration of protection®. Model estimates of all-cause mortality metric could capture
PMC’s impact on anemia, but we did not explore this systematically. For the same reason, we did not report cost-
effectiveness per disability-adjusted life-year (DALY) averted. We acknowledge that DALY estimates provide a
summary of disease burden®**’, despite debates around the utility of this measure*. Our cost-effectiveness
analysis aimed only to assess cost savings against malaria morbidity. While the study supports understanding
trends in representative settings, it is not necessarily suited to inform the national or sub-national tailoring of
PMC46_48.

In conclusion, we found a modest but significant public health impact and favorable cost-effectiveness for
both PMC with seven SP doses and our proposed age-expanded PMC + with nine SP doses. We identified a small
risk of age-shifted malaria burden in some modelled scenarios especially for severe cases, but found that this
could be mitigated with increased treatment of clinical malaria through better access to healthcare. Our results
suggest that expanding the age groups for current PMC (from 24 to 36 months) could balance any reduction
in impact due to partial SP-resistance, protecting the intervention’s effectiveness until new or more efficacious
alternative drugs or their combinations become available. Altogether, we have demonstrated that expanding
age-eligibility for PMC could lead to greater effectiveness and greater cost-savings than the current deployment
of PMC. Empirical data on the effectiveness, feasibility and sustainability of current and age-expanded PMC
deployment through either EPI or other alternative delivery channels, will be important to both complement
and reduce uncertainties in the model-based findings before implementation decision.

Methods

Modelling malaria transmission and interventions

Description of the mathematical disease model

The natural history, epidemiology, transmission dynamics of the Plasmodium falciparum parasite and the
impact of interventions was simulated using OpenMalaria (https://github.com/SwissTPH/openmalaria/wiki),
an ensemble of validated, open-access, individual-based stochastic models of malaria epidemiology***=. It
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comprises of sub-model components that describe essential aspects of malaria epidemiology and interventions,
including chemoprevention, case management and vector control for district, sub-district and village level
population sizes. Briefly, the infection in human host is simulated as a discrete, stochastic process grounded
in parasite life-stages and infection biology. The parasite density is central to describing the progression of
malaria within a human-host and the effects of malaria interventions. It is linked to models of interventions and
health systems. Different variants of OpenMalaria capture varying assumptions about malaria pathophysiology,
transmission, the effects of comorbidity, and the effects of anti-malarial immunity acquisition and its decay. As
fully described previously, all models have been fitted to field data across sub-Saharan Africa®->.

We applied Molineux’s within-host model variant of OpenMalaria in this study. This model variant
mechanistically depicts the time-course of asexual blood-stage parasite dynamics based on the interplay
between parasite growth rates and different types of host immunity assumptions following a single inoculation
in an individual human host*>*> This model incorporates explicit compartmental pharmacokinetic/
pharmacodynamic (PK/PD) model component of drug effect in target populations®**>*. We specified different
thresholds of the half-maximal effective concentration (EC50) to simulate varying prophylactic periods of SP
using validated parameterization of SP as a single, long-acting drug, under different drug sensitivity assumptions:
either wild type or prevalent quadruple mutation in Pfdhfr and Pfdhps genes (dhfr-511, dhfr-59 A, dhfr-108 A,
and dhps-437G)*. In our model, baseline immunity was assumed in the intervention age, as we do not fully
understand and could not monitor development of maternal immunity due to possible in-utero exposure to
malaria or post-natal decay over time.

The level of infectivity to the mosquito vector depends on the gametocyte densities in human hosts
extrapolated from blood-stage parasite densities after including a lag period. The vector model component
describes the plasmodium life cycle of mosquitos and its transmission probability to humans, based on a
seasonally forced annual entomological inoculation rate (EIR). The models full characteristics, including
malaria case definitions and extent and time course of intervention effects are summarized in the Supplementary
materials (Supplementary Sect. 1.1 and Table S1).

Description of pharmacological model of drug impact

The parasite life-stage at which SP exerts its antimalarial effect is not well characterized. Therefore, we modelled
three hypothesized mode of action®> scenarios using previously validated parameters: (1) a dominant blood-
stage action that clears existing infections, with a duration of action characterized by the half-maximal effective
concentration based on the parasite genotype or (2) a liver-stage prophylactic action that prevents new infections
as described by a Weibull decay function, or (3) combined blood-stage and liver-stage actions, assuming each
effect is independent?®3° (Table 1). The protective efficacy against malaria morbidity under each of these
assumptions was compared to empirical data ranges!>*”?8 to identify the mode of action that best matched the
reference, as briefly described below (further details provided in Supplementary Sect. 1.2 and Tables S2 and S3).

Validation of model estimated effect size

Our model, which estimated effect size (protective efficacy against clinical and severe malaria), was validated
against a randomized controlled trial that was conducted in Mozambique?®, and the efficacy from a meta-
analysis that captured wider epidemiological and clinical settings across Africa. The trial site was simulated by
replicating the trial’s characteristics in OpenMalaria: deployment of SP in infants, seasonality, diagnostics, and
follow-up durations (Supplementary Sect. 1.2 and Table S2).

Simulation scenarios

Both PMC and PMC +were administered (in a village level population size of 10,000 people), as per WHO
recommendations’!!: age-patterns of severe malaria in the control cohort, and potential contacts with routine
EPI® (Table 1, Supplementary Fig. S1). The half-maximal effective drug concentration (EC50) was used to
determine the population-level prophylactic period of SP3%3*% Accordingly, the duration of prophylactic
protection was reduced from 42 days in the fully SP-sensitive setting to 35 days in the partially SP-resistant
setting®®. Disease progression and pathogenesis was simulated as previously described (Supplementary Table
S1). Case management was implemented by artemether-lumefantrine (AL)*based on its dominant use as first
line treatment for clinical malaria cases>.

PMC is recommended across perennial settings without any specification of additional variations in seasonal
transmission!!. PMC is thereby likely to be used also in sub-perennial settings*>. We applied uniform distribution
of the entomological inoculation rate over the year to model an archetypal constant perennial transmission.
Our sub-perennial seasonality patterns were adapted from rainfall patterns in parts of Mozambique, as this
region has hosted or has ongoing PMC implementation and scale-up campaigns®'’. Sub-perennial transmission
was adjusted to distinguish it from a typical seasonal setting?®, with less than 60% transmission in four to five
consecutive months (Supplementary Sect. 1.3, Table S4 and Fig. S1a). A two-term Fourier series expansion was
used within OpenMalaria to transform these seasonal profiles to a rate of daily infectious bites (https://swisstph
.github.io/openmalaria/fourier). Majority of biting was assumed to occur indoors (90%), as considered relevant
for infant and young children. Table 1 summarizes other modelling assumptions including setting characteristics,
which were modelled using a full factorial design. All simulations were run using ten random seeds to capture
stochastic variation. Trends and dispersions for all outcome matrices were summarized by calculating the
median and interquartile range respectively to account for outliers from a non-normal distribution®’.

Estimation of protective efficacy
All outcomes were reported five years after PMC(+)’s rollout to capture the impact on both intervention and
follow-up ages (Eq. 1).

Scientific Reports |

(2025) 15:10488 | https://doi.org/10.1038/s41598-025-93623-2 nature portfolio


https://swisstph.github.io/openmalaria/fourier
https://swisstph.github.io/openmalaria/fourier
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Parameter

Description

Value

Transmission pattern

Distribution of malaria incidence throughout the year, correlated with average rainfall and
temperature

1. Archetypal, constant perennial
2. Representative sub-perennial (adapted from
rainfall pattern in Mozambique)

Transmission intensity

Entomological inoculation rate (EIR), interpreted as the number of infectious mosquito bites
received yearly by a human host

4, 8,16, 32, 64, 128, 256, 512, 1024

Plasmodium falciparum

prevalence (PfPR, )

Test-positive patent malaria cases among 2-10 year-olds using microscopy diagnostic

PfPR, 10 calcplated as model output based on
patent infection

Case management
coverage (%)

Access to effective treatment against clinical malaria incidence, expressed as probability within
14-days post-infection (converted to a probability for a 5-day period and rounded to whole
numbers) (%)

Low: 10 (5) %
Medium: 30 (12) %
High: 50 (24) %
Very high: 80 (53) %

Chemoprevention
coverage (%)

Proportion of eligible children receiving IPTi or PMC or PMC +in each dosing cycle

1. Full coverage, used to estimate maximum achievable impact, the maximum risk of post-
intervention effects

2. Various levels of reduced coverage. The highest level among these is used to simulate
minimum WHO vaccination targets by 2020 in all district-level populations!>¢°

1. 100% (full coverage setting)

2. 80%, 60%, 40% (three levels of reduced coverage
setting); this means on average only 20.97%,
2.80%, 0.16%, children receive all PMC doses,

and 13.42%, 1.01%, and 0.03% children receive all
PMC + doses, respectively

Dosing schedule

Pre-specified timing of dosing linked with the expanded program of immunization delivery
schedules based on child age’

1. IPTi

2.PMC

3. PMC+

Child age (in months)
1.3,4,9
2.3,4,9,12,15,18,24
3.3,4,9, 12,15, 18, 24, 30, 36

Deterministic diagnostic

Microscopy diagnostics detecting parasite density above specified threshold

40 parasites per puL of blood®!

Blood-stage parasite (asexual) clearing activity

PD parameters for SP?
(Michaelis-Menton kinetic?)

1. Maximum killing rate (per day)

2. Slope of the effect curve

3. Drug concentration at which half the maximum killing rate is achieved (EC50; mg/L).
Impacted by parasite genotype (mutations in key genes that drive drug-sensitivity and the
duration of chemoprevention)®

. 2 1. Volume of distribution (L/kg) 1.0.29
Fé}fiﬁ:‘?ﬁ;}féﬁtsp 2. Absorption rate constant (per day) 2.12.5
mo del)m}% 3. Elimination rate constant (per day) 3.0.12

4. Negligible concentration (mg/L) 4.0.001
1.2.3
2.2.1

i

2.4 for quadruple Pfdhfr (encoding dihydrofolate
reductase) + Pfdhps (encoding dihydropteroate
synthase) mutant genotype conferring partial SP-
resistance (duration of protection ~ 35 days*’)*

0.5 for fully SP-sensitive wild type (duration of
protection ~ 42 days®’)

Liver-stage prophylactic activity?

Initial efficacy

Probability of preventing individual infection at the time of administration

100%

Decay profile

Deteriorating protective efficacy of a drug over time from its initial efficacy

Weibull function with shape parameter k=5.34

Half-life

Time (in days) until a drug’s protective efficacy decays to 50% of the initial efficacy

31 days

Combined blood- and liver-stage activity

As described for individual blood- and liver-stage activities, assuming no additional and no synergistic or antagonistic effect.

Table 1. Descriptions of key model parameters, and their corresponding values applied in this study.
ICharacterized by having less than 60% rainfall occurring in the short period of increased seasonality. 2

SP was treated as a single long-acting drug with previously validated parameterizations*®. > The EC50 was
validated against the polymerase chain reaction (PCR) corrected cure rate measured in African children with
uncomplicated P. falciparum malaria®*%. 4 Quadruple mutant genotype: dhfr-511, dhfr-59 A, dhfr-108 A, and
dhps-437G mutations.

Number of cases per person per year ;
. . Intervention group
Protective ef fectiveness (PE) =1 — =« grout

(1)

Number of cases per person per Year conirol group

Estimation of post-intervention effects

We examined any possible post-intervention effects: the incidence of delayed malaria, and cumulative malaria
cases (net or total program impact) over the intervention and follow-up ages, as per WHO’s reccommendation'”.
To explore the maximum risk of potential age-shifting these indicators were monitored under full (100% in all
cycles) PMC(+) coverage across settings.

Cost-effectiveness analysis

The cost of PMC or PMC+implementation was calculated based on the cost per SP dose delivered for a
complete course for a hypothetical intention-to-treat cohort of 1,000 children under 36 months. The cost per
dose delivered was informed by comprehensive meta-analysis that covered clinical trials and implementation
studies and reflected economic and health system scenarios from across Africa (Supplementary Table S5)?. The
mean cost was inflation-adjusted using a US dollar inflation rate calculator (http://www.usinflationcalculator.c
om), leading to a mean inflation-adjusted cost of US$0.29 per dose delivered in 2024 (Supplementary Sect. 1.4,
Table S5). A discounting of 3% on cost and no discounting on outcomes was applied, following WHO’s Choosing
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Interventions that are Cost-Effective (WHO-CHOICE) 2021 update®®. We used clinical-cases-averted as the
measure of effectiveness, in line with some other studies***’.

The incremental cost-effectiveness ratio (ICER) against clinical or severe malaria was calculated for
implementing either PMC or PMC + relative to a counterfactual scenario of no chemoprevention (only case
management) (Eq. 2).

Total chemoprevention cost needed for 1000 complete chemoprevention course

ICER = - - - 2
Total number of malaria cases averted per 1000 population at risk @
Similarly, incremental cost-effectiveness of PMC +was assessed compared to that for PMC (ICERy ¢, pac)
(Eq. 3).
Incremental cost of deploying PMC + compared to PMC per 1000 complete treatment course
ICERpMcy /PMC = (3)

Additional clinical cases averted by PMC + compared to PMC per 1000 population at risk

As a secondary analysis, we calculated cost-effectiveness trends that included cost savings. The costs of case
management were estimated by giving a maximum of 18 (six doses with three tablets in each) artemether-
lumefantrine (AL) for managing clinical malaria in children having body weight 25 to 35 kg®. The cost of AL
was extracted from a study for Mozambique, assuming a cost of US$0.38 (Management Sciences for Health
price in 2003) for a pack of 16 tablets or capsules® and applying an inflation-adjustment to yield a 2024 value
of US$0.65. The total cost was calculated by subtracting the cost of treating one clinical case from the cost of
chemoprevention to avert one case (Eq. 4).

Total cost = (Discounted cost of deploying PMC(+) per person @

—Cost of treating clinical malaria per person) x 1000

Data availability

Data and code availability: The source code for the applied individual-based model OpenMalaria is public-
ly available at https://github.com/SwissTPH/openmalaria (https://doi.org/10.5281/zenodo.10534022) and the
detailed documentation at https://github.com/SwissTPH/openmalaria/wiki. The archived version of the mod
el simulation and data analysis codes are available at https://doi.org/10.5281/zenodo.12721515. The R scripts,
source data generated and used for production of result figures presented in this paper can be found at https://d
oi.org/10.5281/zenodo.12722070.
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