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ABSTRACT

Background: Malaria continues to pose a significant public health challenge globally, particularly in sub-Saharan Africa, where most cases
and deaths occur. Artemisinin-based combination therapies (ACTs), particularly artemether-lumefantrine (AL) and artesunate-amodiaquine
(ASAQ), are the most prescribed first-line treatments. However, recent studies have reported reduced efficacy, raising concerns about
emerging drug resistance that could threaten malaria control efforts. Given Nigeria’s high malaria burden, continuous monitoring of ACT
efficacy is crucial to detect early signs of treatment failure and assess the sustainability of current treatment regimens.

Methods: Children aged 6 months to 12 years with uncomplicated P. falciparum malaria were enrolled in a 28-day in vivo trial using the
2009 World Health Organization protocol for monitoring anti-malarial efficacy. They were randomly assigned to receive either AL or
ASAQ. The primary outcome measures included the rate of adequate clinical and parasitological response (ACPR), the incidence of treat-
ment failures, and recovery from anaemia. PCR correction was achieved by genotyping the merozoite surface protein 2 and glurp genes in
paired pre- and post-treatment samples. Genotyping assays for molecular markers of resistance in the pfert and pfindrl genes were conduct-
ed. Statistical analyses employed chi-square and t-tests, with a significant level set at p<0.05.

Results: Out of 353 participants, 81 (47.3%) in the ASAQ group and 86 (50.3%) in the AL group completed the study. AL and ASAQ
demonstrated high efficacy, with a 98.8% ACPR rate in both treatment groups. Late parasitological failures were observed at a rate of 1.2%
in both groups. The day-28 cumulative PCR-corrected efficacy rates for AL and ASAQ were 98.8% (95% CI: 97.1-100) and 98% (95% CI:
95-100), respectively. Adverse events were minimal and consistent across treatment groups. Recovery from anemia was comparable be-
tween AL and ASAQ, demonstrating their effectiveness in managing malaria-related anemia.

Conclusions: PCR-corrected analysis indicated that AL and ASAQ are effective in treating uncomplicated P. falciparum malaria in Nigeri-
an children with high ACPR rates and minimal adverse events. These findings highlight the continued importance of ACTs in malaria man-
agement while underscoring the need to explore new therapeutic approaches and drug resistance monitoring strategies. These findings indi-
cate that ACTs continue to play an essential role in malaria management, highlighting the need to explore new therapeutic approaches to
address emerging drug resistance.

Keywords: Malaria, Artemisinin-based combination therapies, Artemether-lumefantrine, Artesunate-amodiaquine, Plasmodium falciparum,
Drug resistance.
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1.0 INTRODUCTION

Malaria, a parasitic disease transmitted by the bite of fe-
male infected Anopheles mosquitoes, remains a signifi-
cant global health challenge, with Nigeria still bearing the
main burden in sub-Saharan Africa [1]. In 2023, it was
reported by the World Health Organisation (WHO) that
there were about 263 million malaria cases and 597,000
related deaths worldwide. This was an increase of 11 mil-
lion cases from 2022, mainly concentrated in five coun-
tries, including Nigeria [2]. Malaria places a significant
strain on the Nigerian healthcare system, leading to in-
creased outpatient visits, hospital admissions, and adverse
effects on maternal and child health [2].

Various malaria control and prevention strategies have
been implemented, including the use of insecticide-
treated nets (ITNs), indoor residual spraying (IRS), and
chemoprevention [3]. However, the emergence and
spread of drug-resistant parasites have posed significant
challenges to malaria control efforts [4]. Chloroquine and
sulfadoxine-pyrimethamine, previously effective first-line
treatments, have been largely ineffective due to wide-
spread resistance driven by specific gene mutations [5].
In response, the WHO recommended using artemisinin-
based combination therapies (ACTs) as the first-line
treatment for uncomplicated P. falciparum malaria [3].
ACTs, such as artemether-lumefantrine (AL) and ar-
tesunate-amodiaquine (ASAQ), have been widely adopt-
ed in malaria-endemic countries, including Nigeria [6].
However, despite the implementation of these strategies,
malaria continues to exact a heavy toll on the health,
economy, and social well-being of affected communities
[7]. In Nigeria, the National Malaria Control Programme
(NMCP) has recommended artemisinin-based combina-
tion therapy (ACT) for the treatment of confirmed un-
complicated falciparum malaria since 2005 [8].

Although artemisinin-based combination therapies
(ACTs) have proven highly effective for treating uncom-
plicated malaria, the emergence of artemisinin resistance
in Southeast Asia raises concerns about its potential
spread to Africa [9, 10]. Therefore, continuous monitor-
ing of ACT efficacy is crucial for early detection of
emerging resistance and to ensure the sustained effective-
ness of these life-saving treatments [11]. In Nigeria, pre-
vious studies have assessed ACT efficacy, generally re-
porting high cure rates [12, 13], highlighting the need for
continued monitoring in this region. The World Health
Organization (WHO) also recommends that malaria con-
trol programs conduct periodic studies to monitor the

therapeutic efficacy of recommended antimalarials and to
identify the early emergence of resistance markers [14].
This study aims to evaluate the effectiveness of arteme-
ther-lumefantrine (AL) and artesunate-amodiaquine
(ASAQ) in treating uncomplicated P. falciparum malaria
among children in Nigeria. The findings will contribute
to the evidence base needed to guide policy decisions and
interventions, ensuring the sustained efficacy of ACTs,
which is critical for reducing malaria-related morbidity
and mortality and advancing global control and elimina-
tion efforts.

2.0 METHODOLOGY
2.1 Study site and Study design

This study, conducted between 2018 and 2019 at the
Sabo Primary Health Center in Osogbo, Osun State, Ni-
geria (Figure 1), was designed to compare the effective-
ness of AL and ASAQ in treating uncomplicated malaria
among children under 12 years. Based on the standard
WHO protocol, it was an in vivo open-label study for
treating uncomplicated falciparum malaria among Nigeri-
an children. Osogbo is the capital of Osun State, Nigeria,
and there is a high incidence of malaria. This location
provided a perfect setting to evaluate the effectiveness of
malaria treatments among a highly vulnerable population.
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Figure 1. Map of the Study Area

2.2 Study Participants and Enrolment

Children eligible for enrollment must be between 6
months and 12 years and diagnosed with uncomplicated
Plasmodium falciparum malaria, as confirmed by a posi-
tive Rapid Diagnostic Test (RDT) and subsequent micro-
scopic examination. Symptoms like fever, vomiting, diar-
rhea, and anorexia were required for inclusion. A temper-
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ature of >37.5°C was used as the standard cutoff for fe-
ver, consistent with World Health Organization (WHO)
guidelines for diagnosing malaria in endemic regions.
Children with parasitemia levels below 1,000 parasites/
uL or above 100,000 parasites/uL were excluded. Exclu-
sion criteria included severe anemia, prior use of antima-
larial drugs within the four weeks preceding the study,
severe malnutrition, significant underlying health condi-
tions, or known allergies to the study drugs. Following
written consent from the parents and verbal assent from
children aged 7-12, participants were randomly assigned
to one of two treatment groups: ASAQ or AL.s.

2.3 Sample Size

The sample size for this study was calculated using the
WHO's guidelines for antimalarial drug efficacy trials
[15]. Assuming an expected treatment failure rate of 5%
for both AL and ASAQ, a confidence level of 95%, and a
precision of 5%, a minimum sample size of 73 partici-
pants per treatment arm was required. To account for po-
tential loss to follow-up and withdrawals, the sample size
was increased by 20%, resulting in a target of 88 partici-
pants per treatment arm, or 176 participants.

2.4 Ethical Consideration

The Osun State Ministry of Health reviewed and ap-
proved the study, approval number OSHREC/
PRS/569T/130, ensuring adherence to ethical standards.
Participants and parents were informed about the project's
objectives and the benefits and risks associated with par-
ticipation in the study; signed informed consent was ob-
tained from parents before enrolment, and children aged 7
—12 years provided verbal assent.

2.5 Study Procedure

Malaria diagnosis was performed using a Rapid Diagnos-
tic Test (RDT) (SD Bioline Malaria Ag Pf, Standard Di-
agnostics, Inc.), following the manufacturer's instructions.
Thick and thin smears for microscopy were also prepared.
Children with a positive RDT result for Plasmodium fal-
ciparum, confirmed by microscopy with a parasitemia
density of 1,000 to 100,000 parasites/uL, were eligible for
inclusion in the study. Children with a negative RDT re-
sult, or those without parental consent or child assent,
were referred for clinical care.

Baseline health metrics, including axillary temperature
and body weight, were recorded upon inclusion. A tem-
perature greater than 37.5°C was considered a fever and
used as part of the diagnostic criteria. Hematological anal-
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ysis was performed, including the estimation of Packed
Cell Volume (PCV), ABO and Rhesus blood groupings,
and determination of hemoglobin genotypes, as described
previously [16]. Additionally, for molecular analyses,
capillary blood samples were collected for dried blood
spots (DBS) on Whatman 3 filter papers (GE Healthcare
Life Sciences, PA, USA). Participants were then random-
ly assigned to receive either AL or ASAQ. The allocation
was determined using a concealed envelope system, with
the number selected by each participant indicating the
treatment group. A trained team member administered the
assigned drug.

2.5.1 Drug administration and follow-up

The administration of the study drugs, ASAQ or AL, was
based on the body weight of each participant, following
the World Health Organization's guidelines for the treat-
ment of malaria [15]. Children were treated by study per-
sonnel with a full course of either ASAQ or AL (tablets
were crushed with water as needed) on days 0, 1, and 2.
The following doses of ASAQ were administered based
on the child's weight: Patients weighing 5 to 9 kg received
25 mg artesunate + 67.5 mg amodiaquine base, those
weighing 9 to 18 kg received 50 mg artesunate + 135 mg
amodiaquine base, those weighing 18 to 36 kg received
100 mg artesunate + 270 mg amodiaquine base while
those weighing over 36 kg received 200 mg artesunate +
540 mg amodiaquine base. For AL, a first dose was given
at time 0, followed by a second dose 8 h later; on days 1
and 2, the child was treated twice daily. Treatment was
based on weight: Patients weighing 5-15 kg received 20
mg artemether + 120 mg lumefantrine; 15 to 25 kg re-
ceived 40 mg artemether + 240 mg lumefantrine; 25 to 35
kg received 60 mg artemether +360 mg lumefantrine,
while those weighing > 35 kg received 80 mg artemether
+480 mg lumefantrine. A structured follow-up schedule
was employed, involving appointments on days 3, 7, 14,
21, and 28 post-treatment, as recommended by the WHO
for monitoring the efficacy of antimalarial medicines
[15].

2.6 Parasite genotyping

The genomic DNA of Plasmodium falciparum was ex-
tracted from DBS on filter paper using the QlAamp DNA
Blood Kit (Hilden, Germany) according to the protocols
provided by the manufacturer. PCR correction, to differ-
entiate recrudescence from re-infection in those with
treatment failures, was achieved by comparing the paired
pre-treatment and post-treatment samples using the mero-
zoite surface protein 2 (MSP2) and glurp genes as previ-
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ously described [17]. Genotyping of Pfmdrl and Pfcrt
SNPs was assessed with high-resolution melting using
the Roche LightCycler real-time PCR machine as previ-
ously described [18]. The LightCycler 480 Software
(version 1.5.1) was used to analyse the results and make
genotyping calls. The reference and alternate alleles of
the controls were used to define the SNP for each sample.
Samples were called using the melt curve genotyping
workflow, in which the software automatically compared
the melting peaks of the samples to those of the controls.
However, the data was manually changed in case of miss-
ing, incorrect, or ambiguous genotyping calls. A sample
was designated to have mixed infection if peaks that
matched the wild and mutant type control genotypes at a
specific locus were observed.

2.7 Statistical Analysis

Data were analyzed using SPSS software (version 25)
and GraphPad Prism (version 9.5.0). Statistical signifi-

versity. The demographic and clinical characteristics are
detailed in Table 1.

Participants screened

(n=512)

Excluded (n=159)

Not meeting inclusion criteria

Decline to participate

Other reasons

Randomized enrolment (n=353)

Withdrew consent
(n=159)

Allocated to Artesunate amodiaquine
Intervention n=(171)

Allocated to Artemeter Amodiaquine
Intervention n=(182) AL Intervention n = (182)

ASAQ Intervention n = (171)

| Loss to follow-up (n= 90) ‘ Loss to follow-up (n=90)

| Analyzed n=81 l Analyzed n= 86

Figure 2. Participant allocation to treatment group

cance was determined by student t-tests for mean com- Table 1. Participants’ characteristics at enrolment

parisons and Chi-square tests for proportions, with a p-
value < 0.05 considered significant. Linear regression

examined the association between drug treatment and
parasite count.

3.0 RESULTS
3.1 Study Population

A total of 512 children (218 males and 294 females),
aged 6 months to 12 years, with malaria-related symp-
toms visiting the health center were screened for eligi-
bility. Of these, 353 children were confirmed positive
for Plasmodium falciparum by Rapid Diagnostic Test
(RDT) (Figure 2). After obtaining consent and confirm-
ing eligibility, these 353 children were randomly as-
signed to one of two drug treatment groups: Artesunate-
Amodiaquine (ASAQ) or Artemether-Lumefantrine
(AL), with 171 participants in the ASAQ group and 182
participants in the AL group (Table 2). Of these, 81 in
the ASAQ group and 86 in the AL group completed the
study protocol, while the remainder were lost to follow-
up for various reasons (Figure 2). The average age of
participants was 7.1 £ 3.3 years, with the treatment
groups having mean ages of 7.3 + 3.1 years for ASAQ
and 6.9 + 3.4 years for AL. The population's blood
groups and hemoglobin genotypes varied widely (Table
2), with the most common being blood group O positive
(58.9%) and hemoglobin genotype AA (79.9%). A sig-

Charac- Type AL ASAQ Total %2 P-
teristics value
Sex Male 110 (60.4) 81 (47.4) 191 (54.1)  6.066 0.014
P

Fe- 72 (39.6) 90 (52.6) 162 (45.9)

male
Age <2 42 (23.1) 10 (5.8) 52 (14.7) 22.262 0.000
Group okok
(Years)

2-<5 49 (26.9) 46 (26.9) 95 (26.9)

5-12 91 (50.0) 115 (67.3) 206 (58.4)
Mean 5030.7+2 4662.2+2 4852.0+21
Parasi- 264.2 112.8 93.3
taemia
DO +SD
Blood APos  40(22.0) 25(14.6) 65(18.4) 12.375 0.030
Group *

ANeg 0(0.0) 2(1.2) 2(0.6)

B Pos 25 (13.7) 33(19.3) 58 (16.4)

AB 1(5.0) 7(4.1) 8(2.3)

Pos

O Pos 108 (59.3) 100 (58.5) 208 (58.9)

ONeg 8(44) 4(2.3) 12(3.4)
Hb AA 153 (84.1) 142 (83.0) 295 (83.6) 1.827 0.401
Geno-
type

AS 19 (10.4) 14 (8.2) 33(9.3)

AC 10 (5.5) 15(8.8) 25(7.1)
Total 182 171 353

(100.0) (100.0) (100.0)

nificant Yoruba majority marked the study's ethnic di-

*significance at 0.01 level, **significance at 0.05 level, ***significance at 0.001 level
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3.2 Treatment Indices/Outcomes for AS-AQ and AL
among the participants

Of the 353 children enrolled in the study, 167 (47.3%)
completed the 28-day follow-up, with 86 (51.5%) in the
AL group and 81 (48.5%) in the ASAQ group. The pri-
mary outcome, the proportion of children with adequate
clinical and parasitological response (ACPR) at day 28,
was 98.8% in both treatment groups (PCR-corrected)
(Table 3). One participant in each group experienced par-
asitological failure, with parasite densities of 1,810 para-
sites/ul on day 14 in the AL group and 4,040 parasites/
pL on day 28 in the ASAQ group. No early treatment
failures were observed in either group. Further analysis
using PCR amplification revealed 5 participants with
parasite infections on days 21 and 28, confirming rein-
fection in 4 out of 5 participants, and possible recrudes-
cence in 1 participant. Secondary outcomes, including
the proportion of participants with fever and parasitemia
on days 1, 2, and 3, were similar between the treatment
groups (Table 2).

Table 2. Treatment Indices/Outcomes for AS-AQ and AL among the partic-
ipants

Treatment Indices AL (n= ASAQ (n= Total (n
182) 171) = 353)

Intention to Treat

Enrolled participants 121 118 239

Patients seen on Day 28 (%) 86 (71.1%) 81 (68.6%) 166
(69.4%)

Non-compliant 35(28.9%) 37 (31.4%) 72
(30.1%)

Treatment Outcome
Early treatment failure 0 0 0

Late parasitological failure 1/86 1/81 (1.2%) 2/167
(1.2%) (1.2%)
Late parasitological failure,  2/86 3/81 (3.7%) 5/167
PCR corrected (2.3%) (3.0%)
Late clinical failure 0 0 0
Adequate clinical & parasi-  85/86 80/81 157/167
tological response (ACPR) (98.8%) (98.8%) (98.8%)
Haematological Outcome
PCV <30% Day 0 25/86 35/81 60/167
(29.1%) (43.2%) (35.9%)
PCV <30% Day 28 - 1/81 (1.2%) 1/167
(0.6%)
Clinical Outcome
Temp > 38°C Day 0 50/86 39/81 89/167
(58.1%) (48.1%) (53.3%)
Temp > 38°C Day 28 - 6/81 (7.4%) 6/167
(3.6%)

*percentage in parenthesis aDay 21=1810/ul bDay 28=4040/ul

3.3 Clinical Manifestations and Therapeutic Respons-
es

The primary clinical manifestations observed among the
study participants included fever, headache, and ab-
dominal pain. Following the initiation of treatment, a
significant improvement in symptoms was observed,
with a mean recovery time of 1.75 days. The mean fever
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Table 3. Therapeutic Responses after Treatment

Varia- AL(n=86) ASAQ (n=81) ALL (n= P value
bles 167)

FCT

(day)

Mean 1.1 1.04 1.1 0.003
95% CI 1.04-1.16 1.01-1.07 1.06-1.14

Range 1-2 1-2 1-2

N 73 71 144

PCT

(day)

Mean 1.5 1.2 1.3 <0.0001
95% CI 14-15 1.1-13 1.1-14

Range 1-2 1-3 12-1.6

N 75 71 146

AnRT

(day)

Mean 9.3 10.1 9.7 0.96
95% C1 8.9-10.7 94-11.9 8.5-12.1

Range 1-28 1-28 1-28

N 2 1 3

ACPR 98.8 98.8 98.8 0.051
(%)

ETF 0 0 0

LCF 0 0 0

LPF 2/86 (2.3%)  3/81 (3.7%) 5/167 (3.0%)

FCT, fever clearance time; PCT, parasite clearance time; AnRT, anemia recovery time,
ACPR, adequate clinical and parasitological response; ETF, early treatment failure;
LCF, late clinical failure; LPF, late parasitological failure

clearance time was similar between the two treatment
groups, with 1.04 days for ASAQ and 1.1 days for AL.
Parasite clearance times were also comparable, with a
mean of 1.2 days in the ASAQ group and 1.5 days in the
AL group. Furthermore, the average time to resolve ma-
laria-associated anaemia was 9.7 days, with no signifi-
cant difference between the two treatments. Interestingly,
children aged 2 to less than 5 years experienced slightly
faster anaemia recovery than those younger than 2 years
(Table 3).

3.4 Adverse Events

The incidence of adverse events was monitored through-
out the study, revealing a comparable safety profile be-
tween the ASAQ and AL treatment groups. The most
reported adverse effects were itching and restlessness,
experienced by 12 and 6 children. Interestingly, weak-
ness was the least reported side effect and was only ob-
served in children receiving ASAQ. An age-related trend
in tolerability was observed, with older participants aged
5 to 12 years not reporting any adverse events. This find-
ing suggests that children in this age group may have a
higher tolerance to both ASAQ and AL compared to
younger children.

3.5 Recovery from Anemia

At the beginning of the study, anaemia was identified in
a few children, but by the 28th day, all had normal PCV
levels. The average recovery time from anaemia was 9.7
days, showing no significant difference between the
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ASAQ and AL treatment groups, with mean recovery
times of 10.1 days and 9.3 days, respectively. Further-
more, the severity of anaemia at enrolment—whether
participants had high (>4,000uL-1) or low (1,000uL-1 -
2,000uL-1) parasitaemia—did not significantly affect the
recovery time, indicating that both treatments were
equally effective in addressing anaemia regardless of the
initial parasite load. Additionally, there was no discerni-
ble correlation between anaemia recovery time and either
the level of parasitaemia at enrolment or the age of the
children.

3.6 Evaluation of Therapeutic Efficacy

Both treatment groups recorded significantly reduced
malaria parasite levels within the first 24 hours of treat-
ment (Table 3). The study's detailed analysis revealed
that by Day 28, the overall success rate of the treatments
was remarkably high (Figure 3), with a 98.8% Adequate
Clinical and Parasitological Response (ACPR) observed
in both treatment groups. Specifically, children treated
with AL and ASAQ showed an ACPR of 98.8%, with no
significant differences between the groups (P = 0.04).

6000,0
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4000,0

z 3000.0

tes/ul

a

3

2000,0

1000,0

0,0

[o} 1 2 3 7 14 21 28
Follow-up Days
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Figure 3. Parasite clearance over 28 days of follow-up for patients treated with
artemether-lumefantrine (AL) and artesunate-amodiaquine (ASAQ). Both treat-
ments show rapid parasite clearance by day 3, with sustained suppression of
parasitemia through day 28.

At baseline (Day 0), parasitemia levels were above 5,000
parasites/uL in both the artemether-lumefantrine (AL)
and artesunate-amodiaquine (ASAQ) groups. By Day 1,
both treatments achieved a rapid decline in parasitemia,
with over 80% clearance observed. On Day 2, parasitem-
ia levels approached near-zero in both groups, and by
Day 3, parasitemia was completely cleared in all patients,
with undetectable parasite levels (<50 parasites/uL).

Parasitemia suppression was maintained in both treat-
ment groups throughout the 28-day follow-up period.
Late parasitological failure was observed in 1.2% of par-
ticipants in both the AL and ASAQ groups, with 1 partic-
ipant in each group showing parasitemia on Day 21 and
Day 28, respectively. Further PCR analysis confirmed
recrudescence in 1 participant and reinfection in 4 others.

While both treatments demonstrated similar trends in
parasite clearance, the AL group showed a slightly faster
reduction in parasitemia on Day 1 compared to the
ASAQ group. By Day 2, both groups exhibited compara-
ble levels of parasite clearance, with no significant differ-
ences noted in their overall efficacy by the end of the
follow-up period.

Both treatments were well-tolerated, with no major ad-
verse events reported. The recrudescence observed in one
participant did not affect the overall effectiveness of the
treatments. No dropouts or major treatment failures were
recorded, ensuring complete follow-up for all patients.

3.7 Drug treatment failure.

A small proportion of study participants experienced
treatment failure, defined as parasitemia detected by mi-
croscopy. On Day 21 post-treatment, one child in the
ASAQ group was found to have parasitemia, while an-
other child in the AL group had parasitemia on Day 28.
To further investigate these cases of treatment failure,
PCR amplification was performed on the polymorphic
regions of the MSP2 and GLURP genes (Figure 4). PCR
analysis revealed a total of 5 cases of parasitemia across
the two time points (Day 21 and Day 28) post-
enrollment. In addition to the two cases detected by mi-
croscopy, PCR identified an additional case in the ASAQ
group and one more in each treatment group by Day 28.
The PCR treatment failure rates were 2.4% (2/82) in the
ASAQ group and 2.3% (2/86) in the AL group. The dif-
ference in treatment failure rates between the two groups
was not statistically significant (P = 0.973, Fisher's exact
test).

Figure 4. Agarose gel electrophoretic resolution of the DNA amplification of
MSP2 alleles, FC27 and IC 3D7, with band size ranges of 400bp -500bp and

300bp — 800bp, respectively, (Up lane is MSP2 (FC 27), Down lane is MSP2
(3D7)

4.0 DISCUSSION

This study provides critical insights into the therapeutic
efficacy and safety of artemether-lumefantrine (AL) and
artesunate-amodiaquine (ASAQ) in the treatment of un-
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complicated Plasmodium falciparum malaria among chil-
dren in Osogbo, Nigeria. The findings demonstrate that
both ACT regimens achieved high clinical and parasito-
logical cure rates, with PCR-corrected Day-28 ACPR
rates of 97.7% in the AL group and 97.6% in the ASAQ
group, indicating similarly high efficacy in both arms.
These results align with previous studies in Nigeria and
sub-Saharan Africa, reinforcing the continued efficacy of
AL and ASAQ for uncomplicated malaria treatment [12,
13, 18].

The ACPR rates observed in this study are consistent
with earlier findings from Nigeria. For example, trials in
Ibadan (96.2-98.5% cure) [19], Lagos (97-99%) [20],
and Osogbo (95.4%) [13] reported similarly high cure
rates, supporting the sustained effectiveness of AL and
ASAQ in the Nigerian context. Comparable outcomes
have been documented across West Africa — in Ghana
(AL: 91.3-100%; ASAQ: 91.3-100%) [21], Burkina Fa-
so (AL: 91.1%; ASAQ: 98.1%) [22], and Senegal (AL:
98.8%; ASAQ: 100%) [23] — suggesting that ACTs con-
tinue to perform well in the region.

However, reports from East Africa suggest that ACT ef-
ficacy may be declining in certain areas. Studies in Tan-
zania and Ethiopia have documented lower ACPR rates
of ~85-90%, with some patients experiencing delayed
parasite clearance [20, 24-26]. The emergence of arte-
misinin resistance in parts of East Africa is raising con-
cerns about the future sustainability of ACTs in that re-
gion [9]. Emerging data from Nigeria have also hinted at
modest declines in ACT efficacy over the past decade.
For instance, by 2015, a multi-centre study observed that
the risk of recurrent infection by Day 28 had increased to
~14-15% with AL (from ~8-9% in 2009), indicating a
drop in cure rates [18]. Similarly, a 2023 clinical trial in
southwest Nigeria reported a PCR-corrected Day-28 cure
rate of only 88.1% for AL [27] — falling below the 90%
efficacy threshold, while ASAQ remained highly effec-
tive. Although overall treatment success in Nigeria is still
high, these findings raise concerns that ACT effective-
ness may be gradually waning in Nigeria, underscoring
the importance of rigorous efficacy monitoring and time-
ly policy updates.

While high efficacy was recorded in our study, a few
cases of late parasitological failure (LPF) were identified
during follow-up. PCR correction helped differentiate
recrudescence from reinfection — a critical distinction in
malaria therapeutic trials [15, 28]. Of the five recurrence
cases observed, PCR genotyping confirmed that four

were due to new infections (reinfections) and only one
was a true recrudescence (treatment failure). This finding
indicates that most apparent “failures” were reinfections
rather than drug resistance. Nonetheless, the occurrence
of these reinfections highlights persistent transmission
challenges in the study area [19].

Artemisinin-based therapies have shown waning efficacy
in some regions due to resistance mutations in the pfk13
gene, particularly in Southeast Asia [21]. While Nigeria
has not yet reported widespread ptk13 mutations, poly-
morphisms in the pfindrl and pfcrt genes, which can
modulate parasite susceptibility to lumefantrine and
amodiaquine, have been detected in Nigerian isolates [8,
18]. Accordingly, future studies should prioritize molec-
ular surveillance to monitor emerging resistance trends in
Nigerian P. falciparum isolates, ensuring early detection
and policy adjustments before resistance becomes wide-
spread [3].

Given that Nigeria currently accounts for roughly 27% of
global malaria cases [10], it is essential that first-line an-
timalarials remain effective to reduce malaria mortality
and morbidity, especially in children [2]. Our findings
support Nigeria’s national malaria control strategy, rec-
ommending AL and ASAQ as first-line therapies for un-
complicated malaria [6]. However, as global resistance
patterns evolve, Nigeria has already expanded its treat-
ment guidelines to include alternative ACT options such
as dihydroartemisinin-piperaquine (DHA-PPQ) and ar-
tesunate—pyronaridine (ASPY). These therapies — and
even newer triple-ART combination regimens — have
shown promising efficacy in clinical trials [29] and could
be more widely deployed if first-line ACT effectiveness
declines. Additionally, strengthening routine pharma-
covigilance systems, integrating genotypic resistance
monitoring, and improving treatment adherence strate-
gies will be critical to sustaining the efficacy of ACTs
long-term [3].

One primary indicator of antimalarial efficacy is the
speed of symptom resolution and parasite clearance [30].
In this study, fever clearance time (FCT) was rapid in
both groups: median 1.1 days for AL and 1.04 days for
ASAQ. Parasite clearance time (PCT) was similarly swift
(median 1.5 days for AL vs. 1.2 days for ASAQ). These
findings demonstrate the fast action of both ACTs in re-
ducing parasite burden and alleviating symptoms, con-
sistent with prior efficacy studies in Nigeria and other
endemic regions [12, 13, 31]. The FCT and PCT results
here align with observations from other settings. For
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example, studies report FCTs of ~1.2—1.4 days and PCTs
of ~1.5-2.0 days in Senegal [32], FCT ~1.1 days and
PCT ~1.3 days in Thailand [33], and FCT ~1.0-1.2 days
with PCT ~1.2-1.5 days in Coéte d’Ivoire [34].

Regional variations in clearance do exist. In parts of
Southeast Asia (e.g., Cambodia and Myanmar), parasite
clearance times exceeding 3—5 days have been reported
[35], raising alarms about emerging artemisinin re-
sistance. Similarly, recent studies in Ghana (2021) have
documented slower clearance, with some patients still
parasitemic on Day 3f. While our study did not observe
any delayed clearance by Day 3, these trends reinforce
the need to monitor AL and ASAQ efficacy in Nigeria,
particularly as resistance markers spread globally [3].

Although ASAQ showed a slightly shorter FCT (1.04
days) and PCT (1.2 days) than AL (1.1 and 1.5 days, re-
spectively), these differences were not statistically signif-
icant. Similar trends have been noted elsewhere, with
some reports suggesting ASAQ may provide marginally
faster symptom resolution in pediatric patients [20]. The
slight differences in clearance rates between AL and
ASAQ may be attributable to pharmacokinetic factors
(amodiaquine reaches peak activity sooner than lumefan-
trine, variability in drug metabolism among age groups
(evidence indicates ASAQ can clear parasites more rap-
idly in younger children in some studies [20]), or differ-
ences in baseline parasitemia levels that could influence
clearance times [12]. Notably, both ACTs achieved rapid
parasite clearance and high cure rates in this study, rein-
forcing their continued use as first-line treatments in Ni-
geria [0].

Rapid fever and parasite clearance are critical for patient
recovery and reducing transmission. Faster parasite clear-
ance is associated with a lower risk of onward transmis-
sion, limiting the community spread of P. falciparum [3].
Additionally, shorter fever duration improves clinical
outcomes by reducing the likelihood of complications
such as anemia or progression to severe malaria [31].

Nevertheless, the emergence of delayed clearance in oth-
er regions underscores potential future resistance risks
for Nigeria. Our findings highlight the importance of rou-
tine ACT efficacy monitoring, including Day-3 para-
sitemia assessments, as recommended by WHO [36].
Suppose signs of slower parasite clearance or declining
efficacy begin to appear. In that case, Nigeria’s treatment
policies may require further adaptation — for example, by
leveraging alternative ACTs like DHA-PPQ or artesunate
—pyronaridine, which are already included as second-line

options in the national guidelines. These alternative regi-
mens could be deployed more broadly should first-line
ACT efficacy drop below acceptable levels.

In this study, late parasitological failure (LPF) occurred
in only 1.2% of patients in both AL and ASAQ groups,
and there were no cases of early treatment failure or late
clinical failure. These low failure rates are consistent
with other Nigerian studies, which have typically report-
ed <5% treatment failure with ACTs, supporting their
continued high efficacy [12, 13]. Although our LPF rates
meet the WHO acceptable threshold (>90% cure rate),
even such low-level failures highlight the potential emer-
gence of drug resistance and underscore the need for on-
going surveillance [3]. PCR genotyping distinguished
true recrudescence (relapse) from reinfection in our pa-
tients. As noted, four of five recurrent parasitemias were
new infections and only one was a recrudescence, em-
phasizing that nearly all treatment “failures” were rein-
fections rather than drug resistance. This distinction is
crucial, as failure to differentiate new infections from
persistent infections can misrepresent treatment efficacy
[14]. Similar PCR-corrected efficacy rates (=98-99%
cure) have been reported in other Nigerian studies from
Lagos, Ibadan, and Abuja, underscoring the high reliabil-
ity of ACTs when reinfections are accounted for [20].

No confirmed artemisinin resistance was identified in our
study, but the emergence of resistance in other African
regions mandates proactive monitoring [20]. For exam-
ple, reports from Rwanda have noted delayed clearance
times and pfk/3 mutations, mirroring the patterns first
seen in Southeast Asia, where artemisinin resistance is
firmly established [9]. Although Nigeria has not yet de-
tected any widespread pfkl3 resistance mutations, sur-
veillance has revealed resistance-associated polymor-
phisms in pfmdrl and pfcrt (genes linked to past chloro-
quine/amodiaquine resistance) in some parasite popula-
tions [5, 18]. The pfmdrl mutations are particularly rele-
vant because they can increase parasite tolerance to lu-
mefantrine, potentially undermining AL’s long-term effi-
cacy [37]. Likewise, mutations in pfcrt have been associ-
ated with amodiaquine resistance, which could threaten
ASAQ effectiveness if they become prevalent [38].
These findings reinforce the need for continuous molecu-
lar surveillance to catch early warning signs of emerging
resistance in Nigeria before widespread treatment fail-
ures occur.

This study's extremely low treatment failure rates mirror
findings from other West African countries where AL
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and ASAQ remain highly effective. Recent efficacy trials
in Ghana (97.3% ACPR), Burkina Faso (95.8%), and
Cameroon (96.9%) have reported similarly robust out-
comes [39, 40]. By contrast, parts of East Africa continue
to report higher ACT failure rates — for instance, some
Ugandan studies have documented failure rates of 10—
15%, raising concern that resistance-driven failures could
spread if not contained [26, 41]. The global rise of arte-
misinin resistance further emphasizes that Nigeria must
strengthen its malaria surveillance systems to ensure any
uptick in treatment failures or resistance markers is de-
tected early and addressed promptly [3].

Given Nigeria’s high malaria burden, the sustained effi-
cacy of AL and ASAQ is essential for ongoing malaria
control efforts [2]. However, the emergence of resistance
elsewhere suggests that pre-emptive policy adjustments
are warranted to keep Nigeria ahead of potential re-
sistance. These adjustments include routine molecular
surveillance of pfki3, pfimdri, and pfcrt mutations [3],
regular therapeutic efficacy studies (TES) (e.g. every two
years) to detect early signs of declining ACT perfor-
mance [6], exploration of alternative regimens (such as
DHA-PPQ or even triple ACT therapies, which have
shown promise in areas with emerging resistance [29]),
and strengthening pharmacovigilance systems to ensure
timely detection of treatment failures and adverse drug
reactions [42]. Implementing these strategies will help
sustain ACT efficacy and ensure Nigeria remains ahead
of potential drug resistance threats.

The safety and tolerability profile of AL and ASAQ in
this study was favorable, with no serious adverse events
recorded. The most frequent mild adverse effects were
itching (12 cases), restlessness (6 cases), and a few in-
stances of transient weakness in the ASAQ group, all of
which were self-limiting. These findings align with re-
cent studies in West Africa (Burkina Faso and Mali,
2021) that consistently report AL and ASAQ to be well-
tolerated, causing only mild, transient side effects in pe-
diatric populations [43, 44]. Notably, we observed no
serious adverse events (SAEs), reinforcing the estab-
lished safety of ACTs in children. This is consistent with
large-scale trials in sub-Saharan Africa where AL and
ASAQ have been associated with a very low risk of se-
vere complications [45]. Although some research has
linked ASAQ to rare but significant adverse effects (e.g.,
transient liver enzyme elevations or neutropenia, particu-
larly in children with co-morbidities) [46], we did not
encounter such events, possibly due to differences in ge-
netic background, drug metabolism, or the limited sam-

ple size in our cohort.

Comparing the two regimens, we found no significant
difference in the incidence of adverse events between AL
and ASAQ, suggesting both ACTs are equally well-
tolerated in this population. This aligns with other reports
indicating that while ASAQ might be associated with
slightly more gastrointestinal complaints (e.g., nausea,
vomiting) and AL with mild dizziness or insomnia, the
overall tolerability of both drugs is high and similar [47].
Our findings support the continued use of both AL and
ASAQ in Nigerian children, and these drugs remain fully
endorsed by national treatment guidelines for first-line
therapy.

An interesting trend was the lack of reported adverse
events in older children (512 years), suggesting possible
age-related differences in drug tolerability. Similar stud-
ies have noted that younger children (under 5) tend to
experience more side effects, possibly due to develop-
mental and physiological factors. These age-related dif-
ferences may be explained by factors such as immature
hepatic enzyme activity in infants and toddlers (affecting
drug metabolism and clearance) [48], more pronounced
inflammatory responses during infection and treatment in
younger children (leading to stronger systemic reactions
as parasites are cleared) [49], and communication barri-
ers (very young children may not effectively articulate
discomfort or mild side effects, leading to under-
reporting) [50]. The overall findings of our trial reinforce
the continued suitability of AL and ASAQ as first-line
therapies in Nigeria (in line with current national guide-
lines) [6]. Nevertheless, sustained pharmacovigilance is
necessary to detect any potential rare or long-term ad-
verse effects promptly.

Looking ahead, future research should prioritize several
areas: conducting longitudinal safety studies to assess the
long-term impact of repeated ACT use in young children
[44]; performing pharmacogenetic investigations to un-
derstand how genetic factors influence ACT metabolism
and tolerability in Nigeria’s diverse populations [51]; and
expanding post-market surveillance in rural and under-
served communities to identify any rare or underreported
adverse effects of ACTs [3]. By integrating routine safety
monitoring and pharmacovigilance into malaria treatment
programs, Nigeria can further enhance treatment out-
comes, reduce malaria-related morbidity, and sustain the
efficacy of AL and ASAQ as frontline therapies.

Regarding adjunct outcomes, our study found no signifi-
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-cant differences between AL and ASAQ in the rate of
hematological recovery. Both regimens contributed to
restoring normal packed cell volume (PCV) in nearly all
participants by Day 28. This result aligns with reports
from other African settings where ACT treatment is asso-
ciated with rapid resolution of malaria-induced anemia
[52]. Research from Ghana, Uganda, and Tanzania has
shown similarly high post-treatment hematologic recov-
ery rates, supporting the capacity of ACTs to reverse ma-
laria anemia effectively [53]. However, in some instanc-
es, children under two years of age exhibit slower anemia
recovery, likely due to higher baseline parasite densities
and lower iron stores, which can prolong the resolution
of anemia [48].

In our cohort, despite the overall high rate of recovery,
one child in the ASAQ arm remained mildly anemic on
Day 28 (with no evidence of persistent parasitemia or
drug toxicity). This suggests that factors beyond treat-
ment efficacy, such as nutritional deficiencies, hemoglo-
binopathies, or concurrent infections, can influence ane-
mia recovery. Prior studies have noted that children with
severe anemia at baseline often require more extended
periods to recover fully. Younger children (especially
under five) may also experience delayed hematologic
recovery due to incomplete iron repletion, increased sus-
ceptibility to reinfection, or a more intense inflammatory
response to malaria and its treatment [54]. Nutritional
status is another critical factor: deficiencies in iron, fo-
late, or vitamin Bi2 can prolong the time needed to reach
normal hemoglobin levels. In regions with high malnutri-
tion prevalence, malaria-related anemia may persist be-
yond the immediate treatment period [3].

Genetic predispositions might further impact anemia re-
covery after malaria. Conditions like sickle-cell disease
and glucose-6-phosphate dehydrogenase (G6PD) defi-
ciency, which are relatively common in malaria-endemic
populations, have been associated with prolonged hemol-
ysis and slower hematological recovery post-treatment.
Our study did not assess these genetic factors, but their
potential role in post-treatment anemia resolution war-
rants investigation. Future studies should explore how
inherited blood disorders affect responses to ACT treat-
ment and anemia recovery, as this could provide valuable
insights for optimizing malaria case management in vul-
nerable sub-populations [55].

Overall, our findings highlight the need for integrated
malaria and nutritional interventions to support full re-
covery from malaria-associated anemia. Given the high

prevalence of anemia in malaria-infected children,
measures like routine nutritional supplementation (iron,
folate, etc.) during and after treatment may improve post-
treatment outcomes and speed up hematologic recovery.
Additionally, long-term follow-up studies should evalu-
ate the durability of anemia resolution beyond the 28-day
period, particularly in children with recurrent malaria
episodes. Expanding post-market surveillance to monitor
anemia resolution and treatment responses in rural and
high-transmission areas will be essential to ensure ACTs
continue to confer optimal clinical benefits [3].

In summary, the rapid clinical and parasitological re-
sponses observed in this study underscore the continued
effectiveness of AL and ASAQ in treating uncomplicated
malaria and preventing associated complications. The
absence of early treatment failures and the very low rate
of late failures (only ~1.2%, nearly all reinfections) con-
firm that both regimens maintain high levels of efficacy
over the standard 28-day follow-up. The PCR correction
of reinfections further validates the high AL and ASAQ
cure rates, clearly distinguishing true drug failures from
new infections acquired post-treatment. These findings
are consistent with global efficacy trends: AL and ASAQ
remain among the most effective ACTs worldwide, pro-
vided that resistance markers are closely monitored [3].
Although therapeutic efficacy in Nigeria remains high,
the emergence of partial artemisinin resistance in East
Africa raises concerns about potential future reductions
in AL effectiveness in Nigeria. Indeed, studies from
Uganda and Rwanda have reported increasing ACT fail-
ure rates associated with pfk13 mutations that slow para-
site clearance [20]. While no evidence of artemisinin re-
sistance has been detected in Nigeria, previous molecular
studies have identified pfmdrl and pfcrt mutations that
could influence parasite responses to lumefantrine and
amodiaquine, respectively [56]. These observations un-
derscore the importance of continuous efficacy surveil-
lance, particularly routine molecular screening, to detect
early warning signs of drug resistance.

Our results suggest that AL and ASAQ should remain
first-line treatments in Nigeria for uncomplicated P. fal-
ciparum malaria. However, sustained efforts are needed
to monitor evolving resistance patterns, especially in
high-transmission areas where reinfection rates are high.
The World Health Organization recommends that nation-
al malaria programs conduct therapeutic efficacy studies
at least every two years to track any changes in treatment
response and guide timely policy adjustments [3]. Ex-
panding these surveillance efforts to include molecular
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genotyping of resistance markers will ensure that ACT
regimens remain effective long-term.

Finally, given the generally robust efficacy of current
ACTs, alternative treatment options should continue to
be explored proactively in case cure rates begin to de-
cline. Recent trials indicate that DHA-PPQ and even tri-
ple ACT combinations may provide enhanced protection
against emerging drug resistance [27]. These therapies
could serve as potential alternatives if resistance to AL or
ASAQ rises in the future. Further research is needed to
assess the feasibility of incorporating such alternative
regimens into national policy, particularly for areas with
high reinfection rates or suspected resistance hotspots. In
the meantime, our findings reaffirm the high therapeutic
performance of AL and ASAQ, highlighting the need for
proactive surveillance, molecular resistance tracking, and
expanded clinical trials to ensure Nigeria stays ahead of
potential drug resistance threats. Sustained investment in
malaria control strategies and regular efficacy monitoring
will be key to preserving ACT effectiveness and reduc-
ing malaria morbidity and mortality in endemic regions.

This study contributes valuable data to evidence support-
ing the use of AL and ASAQ in treating uncomplicated
P. falciparum malaria in endemic settings. It reinforces
the efficacy and safety of these ACTs while highlighting
the necessity for ongoing drug efficacy surveillance, tai-
lored pediatric treatment approaches, and broader strate-
gies to mitigate the risk of drug resistance. As drug re-
sistance continues to pose a significant challenge to ma-
laria eradication efforts, the findings from this study and
others contribute to a deeper understanding of resistance
mechanisms, offering pathways to more effective inter-
ventions. Future research should incorporate wider geo-
graphical settings, assess the impact of resistance mark-
ers, and explore strategies to reduce loss to follow-up,
ensuring that malaria treatment remains effective and
adaptable to evolving resistance patterns.
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