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Abstract

(Word count: 346)

Background

In South Sudan, Artesunate-amodiaquine (ASAQ) is the first-line regimen, and Artemether-
Lumefantrine (AL) is the second-line regimen for treating uncomplicated Plasmodium falciparum
malaria. However, no therapeutic efficacy study (TES) has been conducted in South Sudan since
the introduction of ASAQ and AL. Our TES aimed to assess the efficacy of ASAQ and AL across

four sites in South Sudan.

Methods

This study was conducted in Juba, Bor, Wau, and Yambio. Children aged 6 months to 59 months
with microscopically confirmed uncomplicated P. falciparum monoinfection were assigned to
ASAQ (at all sites except Yambio) or AL (at Juba and Yambio) and followed for 28 days to assess
treatment response. The primary endpoint was the Kaplan-Meier PCR-corrected adequate clinical
and parasitological response (ACPR) on Day 28. Day 3 parasite positivity was used as a measure
of early treatment response. Dried blood spots were collected to distinguish recrudescence from
new infections. All enrolled participants who received treatment were included in the primary

outcome analysis.
Results

Between 3™ January 2024 and 29" January 2025, 390 children were enrolled across all arms, of
whom 40 (10.3%) were lost to follow-up, and 350 (89.7%) were included in the per-protocol
analysis. Kaplan-Meier uncorrected ACPR was 96.5% (95% CI: 92.6 — 100.0) in Juba-AL, 95.6%
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(95% CI: 90.8 — 100.0) in Juba-ASAQ, 97.7% (95% CI: 94.6 — 100.0) in Bor, 100.0% (95% CI:
100.0 —100.0) in Wau, and 93.0% (95% CI: 87.8 — 98.6) in Yambio. Kaplan-Meier PCR-corrected
ACPR exceeded 90% in all arms: Juba-AL 98.9% (95% CI: 96.6 — 100.0), Juba-ASAQ 100.0%
(95% CI: 100.0 — 100.0), Bor 100.0% (95% CI: 100.0 — 100.0), Wau 100.0% (95% CI: 100.0 —
100.0), and Yambio 98.9% (95% CI: 96.8 — 100.0). Day 3 parasite positivity was notably elevated
at Bor (13.8%), exceeding the WHO 10% threshold used as an indicator of suspected artemisinin

partial resistance.

Conclusions

ASAQ and AL remain highly efficacious against uncomplicated P. falciparum malaria in South
Sudan, supporting the continuation of the current treatment policy. The high Day 3 positivity rate

at Bor warrants enhanced molecular surveillance and repeat efficacy monitoring. This study

establishes a baseline for systematic national TES surveillance.

Keywords

Artesunate-amodiaquine (ASAQ), Artemether-lumefantrine (AL), therapeutic efficacy study

(TES), Antimalarial resistance, efficacy monitoring, South Sudan.
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BACKGROUND

Plasmodium falciparum malaria remains a leading cause of preventable morbidity and mortality
worldwide, accounting for an estimated 282 million clinical cases and 610,000 deaths globally in
2024 (1). Sub-Saharan Africa bears a disproportionate share of this burden, and South Sudan is
among the most severely affected nations on the continent. In 2024 alone, South Sudan recorded
an estimated more than 3 million malaria cases and over 6,700 deaths, with some of the highest
parasite prevalence estimates in Aftrica (1) (2). Transmission is intense and perennial across much
of the country, shaped by ecological diversity and a prolonged rainy season. These factors are
compounded by decades of armed conflict, mass population displacement, a severely fragile health
system, and near-absent disease surveillance capacity. These conditions collectively amplify
malaria risk and impede an effective public health response.

Artemisinin-based combination therapies (ACTs) are the World Health Organisation (WHO)-
recommended first-line treatment for uncomplicated P. falciparum malaria worldwide (3). South
Sudan's National Malaria Control Programme (NMCP) recommends artesunate-amodiaquine
(ASAQ) as first-line therapy and artemether-lumefantrine (AL) as the alternative. These
recommendations were based on two small efficacy studies: one conducted in Malakal, Upper Nile
State (2003—2004), which documented high ASAQ efficacy (4), and another in Juba, Central
Equatoria State (2004—2007), which confirmed AL efficacy (5). No therapeutic efficacy data have
been generated in South Sudan since 2007. Over the past two decades, the country's
epidemiological landscape has shifted dramatically, yet treatment policy has remained unchanged
and is not supported by contemporary local evidence. Notably, while ASAQ is the officially
recommended first-line treatment, AL is more widely dispensed in the private sector, underscoring
the importance of monitoring both drugs.

Critically, artemisinin partial resistance (ART-R) has now emerged independently across Eastern
and Southern Africa. Validated kelchl3 mutations have been documented at clinically significant
frequencies in multiple countries: R561H in Rwanda, the earliest African focus, with evidence of
de novo clonal expansion since at least 2014 (6) (7) and subsequently in Uganda (8) (9) and
northwestern Tanzania (10) (11), with prevalence exceeding 40-50% in some northern districts
(8) (9); R622I in Eritrea (12) and Sudan (13), and increasingly in Ethiopia (14); and P441L in
Uganda and parts of Southern Africa (15). The geographic trajectory of resistance in Africa closely
mirrors the pattern observed in Southeast Asia approximately 10 —15 years earlier, with resistance
spreading from initial foci across borders and eventually involving entire subregions. Particularly
concerning is that South Sudan shares borders with Uganda, Ethiopia, and Sudan, three countries
with confirmed or emerging ART-R, placing it at direct risk of cross-border transmission of
resistant parasite lineages.
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Despite this rapidly evolving regional resistance landscape, no systematic, multi-site therapeutic
efficacy study (TES) has ever been conducted in South Sudan. Recent TES findings from
neighbouring countries in East Africa and the Horn of Africa indicate that ASAQ and AL generally
remain efficacious, with PCR-corrected adequate clinical and parasitological response (ACPR)
rates largely above the WHO 90% treatment-switch threshold (16) (17) (18) (19). However, AL
efficacy has declined below this threshold at some sites (17) (20) (21) (22), and elevations in Day
3 parasite positivity, a marker of slowing parasite clearance and a sentinel for ART-R, have been
reported in multiple study settings. The WHO recommends that national malaria control
programmes conduct TES at sentinel sites at least every two years to detect early shifts in ACT
efficacy and inform timely, evidence-based policy decisions (3). The complete absence of such
data in South Sudan represents a critical gap: in a country with one of the continent's highest
malaria burdens, surrounded by neighbours with documented resistance emergence, the NMCP
has been unable to verify whether its first-line treatments remain effective or to detect early
warning signals of resistance.

To address this evidence gap, we conducted the first multi-site TES in South Sudan in 20242025
at four geographically and epidemiologically distinct sentinel sites (Juba, Bor, Wau, and Yambio).
We evaluated the efficacy and safety of AL and ASAQ in children aged 6—59 months with
uncomplicated P. falciparum malaria. Molecular surveillance for Pfkelch13 mutations and partner
drug resistance markers was integrated with clinical endpoints. The primary objective was to
determine whether the PCR-corrected adequate clinical and parasitological response (ACPR) at
Day 28 met the WHO 90% efficacy threshold for each drug at each site. Secondary objectives
were to assess Day 3 parasite and fever positivity rates as indicators of early clinical and
parasitological response. These data are intended to inform NMCP treatment policy directly and
to establish a baseline for ongoing resistance surveillance in South Sudan.

METHODS
Study Design and Setting

We conducted a prospective, one-arm, open-label in vivo TES in accordance with the standard
WHO protocol for monitoring antimalarial drug efficacy. Five study arms were established at four
sites: Juba (two arms; AL and ASAQ), Bor (ASAQ), Wau (ASAQ), and Yambio (AL). The study
was conducted at Nyakuron Primary Health Care Centre (PHCC) in Juba, Bor State Hospital in
Bor, Sika Hadid PHCC in Wau, and Yambio PHCC in Yambio. Sites were selected to represent
varying transmission intensity settings in South Sudan, based on the malaria indicator survey
(MIS) (Table 1, Figure 1). Juba, the capital, is in Central Equatoria State and has high year-round
transmission driven by the River Nile floodplain. Bor (Jonglei State) and Wau (Western Bahr el
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Ghazal) are inland sites with intense seasonal transmission linked to flooding and agricultural
practices. Yambio (Western Equatoria) lies in a high-rainfall forest belt with perennial, high-
intensity transmission. All four locations have government-run health facilities and functioning

malaria control programmes.

Participants
Eligible participants were children aged 6—59 months presenting to study health facilities with

uncomplicated P. falciparum malaria. Inclusion criteria were: (i) age 6—59 months; (ii) mono-
infection with P. falciparum, confirmed by Giemsa-stained thick blood smear, with an asexual
parasite density of 1,000-200,000 parasites/uL; (iii) axillary temperature >37.5°C or a history of
fever in the preceding 24 hours; (iv) ability to take oral medication; (v) informed consent from a

parent or guardian; and (vi) willingness to attend all follow-up visits.

Exclusion criteria included: (i) signs of severe or complicated malaria according to WHO
definitions; (i1) mixed Plasmodium species infection; (ii1) severe malnutrition (weight-for-height
z-score <—3 or bilateral pitting oedema); (iv) haemoglobin <8 g/dL; (v) known hypersensitivity to
the study drugs; (vi) a history of antimalarial treatment within the preceding two weeks; and (vii)

any other febrile illness that could confound assessment of treatment response.

Treatment

At Juba and Yambio, eligible participants received artemether-lumefantrine (Coartem®, Novartis)
as a fixed-dose combination, with weight-based dosing according to the manufacturer’s guidelines
over three days (Days 0 — 2). Six doses were administered at 0, 8, 24, 36, 48, and 60 hours. Patients
were encouraged to take the medication with food or a fatty drink to optimise lumefantrine
absorption. At Bor, Wau, and Juba (second arm), participants received artesunate-amodiaquine
(ASAQ Winthrop®, Sanofi) with weight-based dosing over three days. All doses were directly
observed by trained study staff, and any vomiting or adverse reactions were recorded. Rescue
treatment with artesunate injection was provided in cases of therapeutic failure or intolerance to

the study drugs.
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Follow-up Procedures and Outcome Classification

Participants were followed up on Days 1, 2, 3, 7, 14, 21, and 28 in accordance with the WHO
protocol. At each visit, a standardised assessment was performed, including: axillary temperature
measurement; preparation and reading of thick and thin blood smears; symptom assessment and
adverse event monitoring at scheduled time points. Blood samples (dried blood spots (DBS)) were
collected on Whatman 3MM filter paper at enrolment (Day 0) and on any day with detected
parasitaemia for later PCR genotyping to distinguish recrudescence from reinfection, as well as
for determination of mutations in the Pf kelch13 and of Pfthrp2 and Pfthrp3 deletions (to be reported
later, as samples are still being processed).

Clinical and parasitological outcomes on Day 28 were classified according to WHO definitions
into: (i) early treatment failure (ETF), defined as danger signs, severe malaria, or failure to clear
parasitaemia in the presence of fever by Day 3, or a higher parasite density on Day 2 than on Day
0; (i1) late clinical failure (LCF), defined as danger signs, severe malaria, or fever with parasitaemia
after Day 3 and before Day 28, without meeting ETF criteria; (iii) late parasitological failure (LPF),
defined as parasitaemia on Day 7 or later in the absence of fever, without meeting ETF or LCF
criteria; and (iv) adequate clinical and parasitological response (ACPR), defined as the absence of

parasitaemia on Day 28, irrespective of fever, without meeting any failure criterion.

Day 3 Parasitaemia Assessment

Day 3 parasitaemia positivity was defined as the presence of asexual parasites on a Giemsa-stained
thick blood smear on Day 3. A Day 3 positivity rate of >10% was used as an alert threshold
indicative of possible reduced artemisinin susceptibility, consistent with WHO guidance. Parasite

positivity rates were calculated on Days 1, 2 and 3.

Laboratory Methods
Thick and thin blood smears were prepared and stained with 10% Giemsa for 10 minutes. Parasite

density was estimated by counting parasites against 200 leucocytes (or 500 if <10 parasites/200
leucocytes), assuming a standard leucocyte count of 6,000/uL. Slides were read independently by
two trained microscopists, and discrepancies >50% were resolved by a third reader. Quality

assurance was conducted by a WHO-accredited reference laboratory.
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Polymerase chain reaction (PCR) genotyping was performed to distinguish recrudescence from
reinfection in participants with recurrent parasitaemia. Day 0 and Day of failure samples were
genotyped at 3 loci (pfmspl, pfmsp2, and a microsatellite marker) following the WHO-
recommended TES protocol (3). Fragments of the pfimspl and pfimsp2 genes were amplified by
nested conventional PCR. Fragment sizes were determined by capillary electrophoresis on an
Agilent D1000 ScreenTape Station.

For the two loci, recrudescence was Day0 and Day of failure < 10 bp; reinfection was Day0 and
Day of failure > 10 bp. The 3rd locus is a neutral microsatellite marker, PolyA. The marker was
amplified using a fluorescently labelled primer plus an unlabeled primer (nested PCR: 30 cycles +
30 cycles), and size was determined by capillary sequencing on an ABI sequencer using GeneScan
software.

For polyA, recrudescence was Day0 and Day of failure < 5 bp, whereas reinfection was Day0 and
Day of failure > 5 bp.

Genomic DNA was extracted from Day 0 DBS samples and from DBS samples on Day

of failure using commercially available DNA extraction kits (QIAamp DNA Mini Kits, QTAGEN)
and robots (QIAcube Connect, QIAGEN) following the manufacturer’s instructions. DNA was
eluted in a volume of 100 pL with nuclease-free water at an accredited reference laboratory. Cases
were classified as reinfection if at least one new allele was detected and all Day 0 alleles were

absent at the comparator locus.

Data Management and Statistical Analysis
Data were recorded on standardised case report forms and entered into a WHO TES database. The

primary efficacy endpoint was PCR-corrected ACPR on Day 28, estimated using the Kaplan-Meier
survival analysis method, which accounts for participants lost to follow-up or withdrawn.
Participants who were lost to follow-up or withdrew were censored at the last contact date. A per-
protocol analysis was performed, excluding participants who violated the protocol or were lost to
follow-up.

In sample size calculations, the treatment failure rate for artemether-lumefantrine or artesunate-
amodiaquine in the area is assumed to be 5%. At a 95% confidence level and 5% precision, a
minimum of 73 patients must be included. Accounting for a 20% increase to allow for loss to
follow-up and withdrawals during the 28-day follow-up period, 88 patients for artesunate-

amodiaquine and 88 for artemether-lumefantrine were planned to be included at each site. Around

8
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704 eligible patients were to be recruited from all 4 facilities; however, only 390 participants were
recruited, owing to AL being available only in Juba and Yambio, and to the ASAQ number of
participants not being achieved in Wau, when the study was stopped due to low numbers of malaria

cascs.

Baseline characteristics were summarised as proportions for categorical variables and as medians
with interquartile range (IQR) for continuous variables. Treatment outcomes (primary and
secondary) were analysed in accordance with the WHO protocol and presented by site. Loss to
follow-up, withdrawal, protocol violations, and individuals with unresolved PCR results were
reported as non-determined and excluded from the PCR-corrected treatment outcome analysis.
Individuals with reinfection, loss to follow-up, and withdrawal were censored in the Kaplan—Meier
analysis. 95% confidence intervals (CIs) in the per-protocol analysis were calculated using the
Wilson score method, and in the Kaplan-Meier analysis using the Greenwood formula. All

analyses were performed using R Version 4.5.2.

Ethical Considerations
The study was approved by the South Sudan Ministry of Health Research Ethics and Review Board

(Reference:MOH/RERB/P/64/07/08/2023-MOH/RERB/A/64/11/10/2023). Informed consent was
obtained from the parent or legal guardian of each participant before enrolment. Patient
confidentiality was maintained throughout the study, and all participants received free care for
malaria-related illnesses during the study period. Participants with treatment failure were treated

with artesunate injection per national guidelines.

RESULTS

Enrolment and Participant Flow
Between 3rd January 2024 and 29th January 2025, 403 children were screened across all study

sites, of whom 390 (96.8%) were enrolled. All 13 (3.2%) excluded children had microscopically
negative results for parasites. A total of 350 participants were included in the per-protocol analysis
(Juba-AL: 78, Juba-ASAQ: 66, Bor-ASAQ: 87, Wau-ASAQ: 34, Yambio-AL: 85). The reason for
exclusion from the per-protocol analysis was loss to follow-up (n = 40). Participant flow is detailed

in Figure 2. Enrolment by site and study period is summarised in Table 1.
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Baseline Characteristics

Baseline demographic and clinical characteristics were broadly similar across study arms (Table
2). The median age ranged from 2 years (IQR [1.0 — 3.0]) in Yambio to 3 years (IQR [2.0 — 4.0])
in Juba. Overall, 51% of participants were male (ranging from 46.0% to 58.3% across sites). The
median baseline temperature was 37°C (IQR [37.0 — 37.8]). The median parasite density at
enrolment was 17,590 parasites/uL (IQR [5,896 — 59,503]), with the highest median density
observed in Yambio (92,712 p/uL; IQR [17,770 — 177,920]), followed by Bor (27,665 p/uL; IQR
[9,496 — 73,749]). Gametocytes were detected at enrolment in 1.5% of participants overall.

Treatment Outcomes and PCR-Corrected Efficacy

The primary outcomes are summarised in Table 3. Crude (PCR-uncorrected) ACPR was high
across all sites, indicating fewer recurrences. Kaplan-Meier Day 28 PCR-uncorrected ACPR
estimates were: Juba-AL 96.5% (95% CI [92.6 — 100.0]), Juba-ASAQ 95.6% (95% CI [90.8 —
100.0]), Bor 97.7% (95% CI [94.6 — 100.0]), Wau 100% (95% CI [100.0 — 100.0]), and Yambio
93.0% (95% CI [87.8 — 98.6]). Overall, 14 recurrences were detected and classified by PCR: 9
were reinfections (new infections), 2 were recrudescences (true treatment failures), and 3 were
inconclusive. All confirmed recrudescences were early treatment failures and occurred in the AL
treatment arms.

PCR-corrected Kaplan-Meier ACPR at Day 28 exceeded the WHO 90% efficacy threshold across
all study arms. Kaplan-Meier estimates of PCR-corrected ACPR were: Juba-AL 98.9% (95% CI
[96.6 —100.0]), Juba-ASAQ 100% (95% CI[100.0 —100.0]), Bor 100% (95% CI1[100.0 — 100.0]),
Wau 100% (95% CI [100.0 — 100.0]), and Yambio 98.9% (95% CI [96.8 — 100.0]). The per-
protocol analysis also showed Day 28 efficacy estimates above 90%, although the lower bound of
the confidence interval in Wau was below 90% (Table 3). The Kaplan-Meier curves are shown in

Figure 3.

Secondary outcomes

The secondary outcomes were the prevalence of fever and the parasite positivity rate on Days 1,
2, and 3 after treatment initiation. Day 3 parasite positivity rates varied substantially across study

arms, ranging from 0% in Yambio to 13.8% in Bor (Table 4). By contrast, Day 3 fever prevalence

10
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ranged from 0% in Bor to 7.5% in Yambio. Bor was the only site where the Day 3 positivity rate

exceeded the WHO alert threshold of 10% for artemisinin partial resistance.

None of the participants who were Day 3 positive in Bor subsequently experienced treatment
failure (LCF or LPF). All recurrences in Bor were new infections rather than treatment failures

due to reduced drug susceptibility.

DISCUSSION

This study presents the first multi-site assessment of the therapeutic efficacy of artemether-
lumefantrine (AL) and artesunate-amodiaquine (ASAQ) in South Sudan. Both regimens met the
WHO >90% PCR-corrected ACPR threshold at all four sites on Day 28, supporting the continued
use of the current national first- and second-line treatment policy. Nonetheless, two findings
warrant attention: the wide confidence interval for ASAQ in Wau, with the lower bound falling
below 90% in the per-protocol analysis, and, most critically, a Day 3 parasite positivity rate of
13.8% in Bor, exceeding the WHO 10% alert threshold for suspected artemisinin partial resistance
(ART-R) (3) (23).

The high PCR-corrected ACPR estimates observed here are consistent with recent TES data from
East Africa and the Horn of Africa, where both AL and ASAQ have generally retained efficacy
above 90% (11) (16) (18) (22). Nonetheless, several regional studies have documented AL efficacy
below the WHO policy-change threshold of 90%. Ebong et al. in Uganda reported that PCR-
corrected AL efficacy at Busia and Arua had 95% confidence intervals that fell below 90% (20), a
finding particularly relevant given Arua's geographical proximity to South Sudan's border and
well-documented cross-border population movement. More recently, Kamya et al. confirmed
declining AL efficacy at multiple Ugandan sites in a four-arm randomised trial (17), and similar
signals have been reported in Kenya (22) and the Democratic Republic of Congo (DRC) (21).
Against this regional backdrop, the high efficacy documented at all four South Sudan sites is
reassuring. However, it is important to recognise that high clinical ACPR does not exclude the
presence of early ART-R: residual parasites not cleared by the artemisinin component may still be
rescued by an efficacious partner drug, masking underlying resistance at the level of clinical
outcome (24). This interpretation is consistent with the dissociation between Day 3 positivity and
treatment failure observed at Bor in this study. Comprehensive molecular surveillance of
Pfkelchl3, Pfimdrl, and Pfcrt, paired with future TES, is therefore essential to distinguish between
these scenarios.

The ASAQ per-protocol confidence interval at Wau, whose lower bound fell marginally below
90%, should be interpreted cautiously. This reflects imprecision arising from a small effective
sample size, a recognised challenge in resource-constrained, low-enrolment settings, rather than a

11
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signal of a true decline in efficacy. A repeat TES with adequate power at Wau is warranted to
confirm ASAQ efficacy at that site.

The most clinically significant finding of this study is the 13.8% Day 3 parasite positivity rate in
Bor, which exceeds WHO's 10% alert threshold for suspected ART-R. Day 3 positivity is an
established pharmacodynamic marker of artemisinin susceptibility: the artemisinin component of
ACTs acts primarily on ring-stage parasites, rapidly reducing peripheral parasitaemia within the
first 48—72 hours (25) (26). When >10% of patients remain slide-positive on Day 3, this signals
slowed parasite clearance and prompts WHO recommendations for enhanced surveillance and
formal clearance-rate assessment (3). Importantly, the 10% threshold was derived from studies in
high-transmission settings in Africa, and mathematical modelling has shown that its predictive
value is sensitive to baseline parasitaemia and sample size (27). Therefore, the threshold should
be interpreted alongside these parameters rather than in isolation.

The elevated Day 3 positivity at Bor was not accompanied by a corresponding excess of PCR-
corrected treatment failures, and several non-resistance explanations must be considered. First,
higher baseline parasite densities at Bor could independently prolong clearance time even in a fully
artemisinin-sensitive parasite population. Second, imperfect drug absorption may have led to
subtherapeutic drug exposure. Third, pharmacokinetic variability in amodiaquine metaboliser
status could reduce effective drug concentrations in a subset of participants. Fourth, and most
concerningly, the Bor signal may represent the early, pre-failure stages of emerging ART-R, in
which the partner drug's residual efficacy still compensates for slowed artemisinin-mediated
clearance, mirroring the pattern observed in northern Uganda before widespread molecular
confirmation of Pfkelchl3 A675V and C469Y mutations (8) (9).

Pending Pfkelchl3 genotyping results from samples collected in Bor, which
are still being processed and will be reported separately, a definitive
mechanistic attribution is not yet possible. Confirmation of ART—R at
Bor would require a prevalence of 25% of a WHO-validated Prkelchi3
mutation alongside the observed Day 3 positivity, and, ideally, a
formal parasite clearance half-1life assessment by serial 6—hourly
sampling (25). A parasite clearance half—1life 25 hours is the definitive
in vivo phenotype of ART-R, although this may not hold in high
transmission—intensity settings like South Sudan (28).

These findings underscore the urgent need for institutionalised, periodic TES surveillance across
South Sudan. South Sudan borders Uganda, Ethiopia, and Sudan, three countries with confirmed
or emerging Pfkelchl3-mediated ART-R (8) (9) (13). Cross-border population movement is
substantial, particularly in Bor (Jonglei State), which lies along major migration and trade routes.
Bor should be prioritised for an expedited repeat TES, ideally integrated with rigorous molecular
surveillance, including whole-genome sequencing, to characterise parasite population structure

12
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and identify known and emerging resistance alleles. In the interim, the NMCP should consider
enhanced clinical monitoring in Bor and prepare contingency guidance should Pfkelchl3
genotyping confirm validated resistance mutations.

The high overall efficacy documented in Juba, Wau, and Yambio provides a critical national
baseline for future surveillance comparisons. Establishing a permanent sentinel TES network with
standardised data collection, sample archiving for molecular work, and a defined schedule of
repeat surveys at each site is now an operational priority for the NMCP and its partners. The WHO
recommends TES every two years, and given the pace of ART-R expansion in the region, South
Sudan cannot afford a second two-decade gap in efficacy evidence.

This study has important strengths. It is the first systematic, multi-site TES in South Sudan,
covering four geographically and epidemiologically distinct sites and providing nationally
representative baseline efficacy data. Strict adherence to WHO TES methodology ensures
international comparability and suitability for policy use.

Several limitations should be acknowledged. First, Pfkelchl3 genotyping is incomplete; results are
pending for a subset of samples from Bor, and a mechanistic interpretation of the Day 3 signal
must await these data. Second, per-protocol confidence intervals for ASAQ in Wau were wide due
to a small effective sample size, limiting precision at that site. Third, the study enrolled children
aged 6-59 months, so findings may not generalise to adults or pregnant women, who differ in
immune status and pharmacokinetics. Fourth, Day 3 parasitacmia was assessed by light
microscopy; more sensitive methods, such as quantitative PCR, would detect submicroscopic
parasitaemia and likely increase the observed positivity rate, meaning our Day 3 estimate at Bor
may be conservative. Fifth, pharmacokinetic data were not collected, limiting interpretation of the
Day 3 findings. Sixth, the 28-day follow-up window may miss late recrudescence driven by
waning partner drug efficacy, which typically manifests after Day 28 for lumefantrine and after
Day 42 for longer half-life drugs (29).

CONCLUSIONS

In this first multi-site TES in South Sudan, both AL and ASAQ demonstrated high therapeutic
efficacy against uncomplicated P. falciparum malaria across all four study sites,
with PCR—corrected Day 28 ACPR rates meeting the WHO 290% threshold.
These findings provide the first contemporary evidence base
supporting continuation of the current national ACT treatment policy
and fill a critical two—decade data gap.

However, the 13.8% Day 3 parasite positivity rate at Bor, exceeding the WHO alert threshold for
suspected ART-R, is a sentinel signal that demands an urgent and structured response. Pending
Pfkelchi3 genotyping data from Bor, which will be essential to determine whether this signal is
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394  attributable to validated artemisinin resistance alleles, Bor should be prioritised for a repeat TES
395  and a formal parasite clearance half-life study.

396  More broadly, these results demonstrate both the feasibility and the indispensability of systematic
397  TES surveillance in South Sudan. Establishing a national sentinel TES network with integrated
398  molecular surveillance is now a public health priority. The experience in East Africa, where
399  resistance expanded rapidly from initial clinical signals to population-level treatment failures
400  within a few years, illustrates the cost of delayed surveillance. South Sudan must institutionalise
401  regular efficacy monitoring to detect emerging resistance early, protect the longevity of current
402  first-line treatments, and enable timely, evidence-based revision of treatment policy before
403  therapeutic failure becomes entrenched.

404

405 LIST OF ABBREVIATIONS

406  ACTs: Artemisinin-based Combination Therapies

407  WHO: World Health Organisation

408 NMCP: National Malaria Control Programme

409  AL: Artemether-lumefantrine

410  ASAQ: Artesunate-amodiaquine

411 ART-R: Artemisinin partial Resistance

412 TES: Therapeutic Efficacy Study

413 ACPR: Adequate Clinical and Parasitological Response

414  PCR: Polymerase Chain Reaction
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PHCC: Primary Health Care Centre

MIS: Malaria Indicator Survey

DBS: Dried Blood Spot

ETF: Early Treatment Failure

LCF: Late Clinical Failure

LPF: Late Parasitological Failure

IQR: Interquartile Range

CI: Confidence interval

DRC: Democratic Republic of Congo

Pfmdrl: Plasmodium falciparum multidrug resistance 1 gene

Pfert: Plasmodium falciparum chloroquine resistance transporter gene
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595 TABLES
596
597  Table 1. Study sites, treatment arms, and participant enrolment across the five study arms
598  in South Sudan, 2024-2025.
599
Treatment Enrolled Per
Study Site State Protocol Study Period
Arm (n)
(n)

Juba AL Central Equatoria 87 78 January 2024 — November 2024

Juba ASAQ Central Equatoria 87 66 January 2024 — May 2024

Bor ASAQ Jonglei 87 87 November 2024 — January 2025

Western Bahr el
Wau ASAQ Ghazal 36 34 May 2024 — January 2025
Yambio AL Western Equatoria 93 85 November 2024 — December 2024

Total — — 390 350 —
600
601 AL = artemether-lumefantrine; ASAQ = artesunate-amodiaquine.
602
603
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604  Table 2. Baseline demographic, clinical, and parasitological characteristics by study arm.

605
Artesunate-Amodiaquine Artemether-Lumefantrine
Characteristic Bor Juba-ASAQ Wau Juba-AL Yambio
N=87 N=87 N=36 N=87 N=93
Age (Ye&‘g{i)Media“ 2(2.0—4.0) 3(2.0—4.0) 3(2.0-3.5) 3(2.0 - 4.0) 2(1.0-3.0)
Sex, n (%)
Female 47/87(54.0%) | 40/87(46.0%) | 15/36(41.7%) | 43/87(49.4%) | 46/93(49.5%)
Male 40/87(46.0%) | 47/87(54.0%) | 21/36(58.3%) | 44/87(50.6%) | 47/93(50.5%)
Weight ((I‘g{i)Media“ 12(10.0 -14.3) | 13(10.0-15.5) | 11(10.0-14.5) | 13(10.0-15.4) | 10(8.0 —13.0)
Age category, n (%)
Under 5 84/86(97.7) | 87/87(100.0%) | 36/36(100.0%) | 86/86(100.0%) | 93/93(100.0%)
515 2/86(2.3) 0/87(0.0%) 0/36(0.0%) 0/86(0.0%) 0/93(0.0%)
Parasite density (per pl), | 27,665(9,496.0 | 5,483(3,695.0 | 18,801(7,458.0 | 12,558(5,861.0 | 92,712(17,770.0
Median (IQR) ~73,749.0) —13,056.5) —49,365.0) —25,296.5) ~177,920.0)
Ga“‘e“’cfl‘fo}gevale““’ 0/85(0.0%) 1/87(1.1%) 0/36(0.0%) 5/87(5.7%) 0/93(0.0%)
Temperature (°C), 37.0(37.0 —
Median (IOR) 38.0(37.0 —38.7) 37.4) 38(37-38.1) | 37(37.0-37.3) | 38(37.0-38.2)
Fever prevalence, n (%) | 73/86(84.9%) 85/87(97.7%) | 36/36(100.0%) | 87/87(100.0%) | 92/93(98.9%)

606  IQR = Interquartile range

607
608
609
610
611
612
613
614
615
616
617
618
619
620
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621

Table 3. Clinical and parasitological treatment outcomes at Day 28 by study arm,

622  uncorrected and PCR-corrected results, per protocol and Kaplan-Meier
623
Artesunate-Amodiaquine Artemether-Lumefantrine
Outcome Bor Juba-ASAQ Wau Juba-AL Yambio
N=287 N =66 N=34 N=178 N=85
Uncorrected outcomes, n
IN (%) [95% CI]
85/87(97.7%) | 63/66(95.5%) 34/34(100.0%) | 75/78(96.2%) | 79/85(92.9%)
ACPR Day 28 [95% CI: 91.2 - | [95% CI:86.4 — [95% CI: 87.4 — [95% CI: 88.4 | [95% CI: 84.7 —
99.6] 98.8] 100.0] -99.0] 97.1]
0/87(0.0%) 0/66(0.0%) . . 1/78(1.3%) 1/85(1.2%)
ETF [95% CI: 0.0— | [95% CL:0.0— | é?,(g'g/_")lggg]ﬁ [95% CI: 0.1— | [95% CI: 0.1—
5.3] 6.85] e : 7.9] 7.3]
1/87(1.1%) 0/66(0.0%) 0/34(0.0) 0/78(0.0%) 2/85(2.4%)
LCF [95% CI: 0.1- [95% CI: 0.0 — [95% CI: 0.0 — [95% CI: 0.0 — | [95% CI: 0.4 —
7.1] 6.9] 12.6] 5.9] 9.0]
1/87(1.1%) 3/66(4.5%) . . 2/78(2.6%) 3/85(3.5%)
LPF [95% CI: 0.1- [95% CI: 1.2— 0/(3:;1.((()).(())/_0)&965]%) [95% CI: 0.5— | [95% CI: 0.9 —
7.1] 13.6] e : 9.8] 10.7]
Withdrawn / LTFU 0/87 (0.0%) 21/87 (24.1%) 2/36 (5.6%) 9/87 (10.3%) 8/93 (8.6%)

PCR-corrected
outcomes, n /N (%)

[95% CI]
85/85(100.0%) | 63/63(100.0%) | 34/34(100.0%) | 75/76 (98.7%) | 79/80(98.8%)
ACPR Day 28 [95% CI: 94.6 — | [95% CI:92.8 — [95% CI:87.4— [95% CI: 91.9— | [95% CI: 92.3—
100.0] 100.0] 100.0] 99.9] 99.9]
0/85(0.0%) 0/63(0.0%) 0/34(0.0%) 1/76(1.3%) 1/80(1.3%)
ETF [95% CL: 0.0~ | [95% CL:0.0— | [95%CL: 0.0~ | [95% CL: 0.1- | [95% CL: 0.1—
5.4] 7.2] 12.6] 8.1] 7.7]
0/85(0.0%) 0/63(0.0%) 0/34(0.0%) 0/76(0.0%) 0/80(0.0%)
LCF [95% CI: 0.0~ | [95% CL:0.0— | [95%CL: 0.0~ | [95% CI: 0.0~ | [95% CI: 0.0 —
5.4] 7.2] 12.6] 6.0] 5.7]
0/85(0.0%) 0/63(0.0%) 0/34(0.0%) 0/76(0.0%) 0/80(0.0%)
LPF [95% CI: 0.0~ | [95% CL:0.0— | [95%CL: 0.0~ | [95% CI: 0.0~ | [95% CI: 0.0 —
5.4] 7.2] 12.6] 6.0] 5.7]
New infections (Re- o o 0 o
infections) 0/85 (0.0%) 3/66 (4.5) 0/34 (0.0%) 2/78 (2.6%) 4/84 (4.8%)
Recrudescences 0/85 (0.0%) 0/63 (0.0%) 0/34 (0.0%) 1/76 (1.3%) 1/80 (1.3)
Unknown 2/87(2.3%) 0/66(0.0%) 0/34(0.0%) 0/78(0.0%) 1/85(1.2%)

Kaplan-Meier
Cumulative Day 28
efficacy, (%) (95% CI)
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Artesunate-Amodiaquine

Artemether-Lumefantrine

Outcome Bor Juba-ASAQ Wau Juba-AL Yambio
N =87 N =66 N=34 N=178 N=85
96.5% (95%
97.7% (95% CI | 95.6(95% CL: | 100% (95% CI: 70 U070 1193.0% (95% CI:
Uncorrected ACPR :94.6 ~100.0) 90.8 ~100.0) 100 —100.0) Cll'090266) 87.8-98.6)
98.9% (95%
100% (95% CIL: | 100% (95% CL | 100% (95% CI: 70 70701 98.9% (95% CI:
PCR-corrected ACPR | 60 07 100.0) | 100.0-100.0) 100.0 —100.0) c11.090666) 96.8 -100.0)

624

625  ACPR = adequate clinical and parasitological response; ETF = early treatment failure; LCF = late clinical failure;

626  LPF = late parasitological failure; LTFU = lost to follow-up; PCR = polymerase chain reaction. K-M estimates

627 account for censoring. CI = confidence interval.

628
629
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630

631

632
633

634
635

636
637

Table 4. Days 1,2 and 3 parasite positivity rates and fever prevalence by study arm.

Artesunate-Amodiaquine

Artemether-Lumefantrine

prevalence, n/N (%)

Secondary outcome Bor Juba-ASAQ Wau L=l Yambio
N=87 |N=87 N=36 N=87 N =93
E(?S}ftllvﬂag?;t: N (%) 68/ 87()78'2% 885 (9.4%) |5/30(R22%) 42187048 3%) | 57/93(61.3%)
I?fs}ftfvﬂaﬁ;t: N (%) 27/ 87()3 LO% 1 1831000y | 93300%) 1 5095 700y | 4/93(4.3%)
Ef;;ﬁg?;f N (%) 12/ 87)(,13 %1 181(1.2%) | 135(2.9%) | 2/87(2.3%) | 0/93(0.0%)
l?rae"éil efzzzr N | STET) | 0850.0%) 336(8:3%) 1 /87(0.0%) | 24/93(25.8%)
iﬁ’iﬁfﬁiﬁr /N (%) 187(L.1%) 0/83(0.0%) 1/35(2.9%) 0/87(0.0%) 5/93(5.4%)
Day 3 fever 0/87(0.0%) | 1/81(1.2%) | V339 | 0/8700.0%) | 7/93(7.5%)

Parasite positivity is defined as the presence of asexual P. falciparum parasites on a thick blood smear. The WHO

alert threshold for Day 3 positivity is >10%.

exceeded the WHO 10% alert threshold.

IQOR = interquartile range; p/ul = parasites per microlitre. *Bor
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639
640

641  Figure 1. Map of South Sudan showing the four study sites.

642  Study sites are marked by red dots: Juba (Central Equatoria, two arms: AL and ASAQ), Bor

643  (Jonglei, ASAQ), Wau (Western Bahr el Ghazal, ASAQ), and Yambio (Western Equatoria, AL).
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649  Figure 2. CONSORT flow diagram of participant enrolment and follow-up across all four

650 arms.
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658

Numbers of participants screened, enrolled, excluded, lost to follow-up, and included in per-

protocol analyses are shown for each arm.

Figure 2: Trial Profile, antimalarial therapeutic efficacy study, South Sudan, 2024-2025

23 Lost to follow-up
21 Juba
2 Wau

403 suspected malaria
patients screened

13 excluded due to

390 patients enrolled and
randomly assigned
174 Juba
93 Yambio
87 Bor
36 Wau

parasite negativity on
microscopy

210 assigned to
Artesunate-Amodiaquine
(ASAQ)

87 Juba
87 Bor
36 Wau

187 Completed 28-day
follow-up
87 Bor
66 Juba
34 Wau

180 assigned to
Artemether-Lumefantrine
(AL)

93 Yambio
87 Juba

17 Lost to follow-up
9 Juba
8 Yambio

163 Completed 28-day
follow-up
85 Yambio
78 Juba
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662

663

Figure 3. Kaplan—Meier survival curves for uncorrected and PCR-corrected adequate

clinical and parasitological response (ACPR) by study arm over 28 days of follow-up.

Separate panels are shown for (1) Juba (AL and ASAQ), (2) Bor, (3) Yambio, and (4) Wau. Tick

marks represent censored observations. Shaded bands indicate 95% confidence intervals.
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Kaplan-Meier PCR-corrected efficacy curve in Juba
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Kaplan-Meier Uncorrected efficacy curve in Bor
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Kaplan-Meier Uncorrected efficacy curve in Yambio
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Kaplan-Meier PCR-corrected efficacy curve in Yambio
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Kaplan-Meier Uncorrected efficacy curve in Wau

1.001 : l
0.75
0.50
0.25 4
0.00 4
0 14 21 28
Time (Days)
Number at risk
36 34 34 34 34

35



676

677

678
679
680
681

4B

Malaria infection-free Probability

ASAQ

Kaplan-Meier PCR-corrected efficacy curve in Wau

1.001 : l
0.75
0.50
0.25 4
0.00 4
0 14 21 28
Time (Days)
Number at risk
36 34 34 34 34

36



Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

e 2.SSDTESdrugdosing.docx


https://assets-eu.researchsquare.com/files/rs-10503406/v1/711797c96c4d389299d167c0.docx

