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Abstract 

Background The emergence of Plasmodium falciparum drug resistance against artemisinin-based combination 
therapy has threatened malaria control efforts. Since malaria control and elimination plans are dependent on these 
drugs, they must remain efficacious. However, resistance to these drugs was detected in low-transmission settings 
and is predicted to emerge in high-transmission settings, including in unspecified areas of Ethiopia. Therefore, this 
study aimed to assess the therapeutic efficacy and safety of artemether-lumefantrine for the treatment of uncompli-
cated P. falciparum malaria.

Methods A single-arm prospective observational study was conducted at Teda Health Centre, Northwest Ethio-
pia, by following the 2009 World Health Organization efficacy study guidelines from September 2022 to February 
2023. Patients with uncomplicated falciparum malaria were conveniently selected and treated with a standard 
dose of artemether-lumefantrine, along with a single low dose of primaquine. Then clinical and parasitological 
responses and haemoglobin levels were assessed during the 28-day scheduled follow-up. Blood films were examined 
and asexual parasites were quantified; axillary temperature was measured; and drug adverse events were assessed 
throughout the follow-up. Finally, the drug efficacy (adequate clinical and parasitological response) was determined 
by Kaplan–Meier and per-protocol analyses. The data were analysed using the WHO Excel spreadsheet and SPSS ver-
sion 25 software.

Results The success rates of PCR uncorrected and corrected Kaplan–Meier analysis on day 28 were 95.8% (95% CI 
87.5–98.6) and 97.3% (95% CI 89.4–99.3), respectively. The per-protocol PCR uncorrected and corrected adequate clini-
cal and parasitological responses were 95.5% (95% CI 87.5–99.1) and 97% (95% CI 89.5–99.6), respectively. On day-3, 
97% of study participants were free of asexual parasitaemia, and all of them were fever-free on day-2. All of the game-
tocyte-positive patients at baseline were found to be negative for gametocytes on day-2. Moreover, the baseline 
mean hemoglobin of 13.10 g/dl increased slightly on day-14 to 13.27 g/dl but significantly on day-28 to 13.69 g/dl 
in a paired sample t test. All adverse events reported were mild.
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Conclusion Artemether-lumefantrine continued to be an efficacious and safe drug for the treatment of uncompli-
cated Plasmodium falciparum malaria at the Teda Health Centre.

Trial registration: unique ID# PACTR202309773069812 at https:// pactr. samrc. ac. za on September 1, 2023.
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Background
Despite decades of clinical research and treatment 
improvements, Plasmodium parasites still cause millions 
of cases and hundreds of thousands of deaths worldwide. 
The malaria burden is disproportionately high in Africa, 
with 93.6% and 95.4% of global cases and deaths, respec-
tively in 2022. In the same year, Ethiopia reported a sub-
stantial increase in malaria cases compared to previous 
years, with 2.4 million malaria cases, of which 65% were 
Plasmodium falciparum mono-infections. Ethiopia is 
one of the main countries contributing to the increase in 
global malaria cases by 2022 [1].

The mortality and morbidity rates of malaria declined 
significantly in certain countries including Ethiopia 
between 2000 and 2015 [2]. Following this, Ethiopia has 
planned to eliminate the disease by 2030 [3]. Unfortu-
nately, the downward trend has been reversed, and the 
estimated global case count has been climbing steadily 
[4]. As demonstrated by Eshetu et al. [5] and by Ewnetu 
and Lemma [6], malaria is rising substantially in Gondar 
Zuria, Northwest Ethiopia, which shows that the elimina-
tion campaign faces a serious challenge.

Artemether-lumefantrine (AL) has become the first-
line drug for treating uncomplicated falciparum malaria 
in many endemic countries [7] and has been in use in 
Ethiopia since 2004 [8]. It is recommended to consume 
with a fatty meal to enhance its absorption. The drug is 
well tolerated and safer than other anti-malarials, mainly 
quinine, which is a second-line drug for the treatment of 
uncomplicated falciparum malaria in Ethiopia [9].

The P. falciparum kelch13 gene (k13) mutation R622I 
has been validated to cause delayed parasite clearance 
and partial resistance to artemisinin. In Ethiopia, it was 
not found to be linked with delayed clearance, but it is 
expanding [10, 11]. The expansion of k13 mutant variants 
in Ethiopia, Rwanda, Uganda and Tanzania highlights the 
threat of artemisinin partial resistance spreading in sub-
Saharan Africa (SSA) [11–14]. If resistant P. falciparum 
strains spread, eliminating them will become more diffi-
cult and expensive. Failure to recognize their emergence 
early could result in resistant malaria epidemics, which 
would have overwhelming public health and economic 
consequences.

Despite AL remaining efficacious in Ethiopia [15], the 
resistance pattern seen with previous antimalarials sug-
gests that artemisinin partial resistance may emerge in 

several high-transmission regions of SSA by 2030, as pre-
dicted by another study [16]. Consequently, a consistent 
anti-malarial efficacy monitoring system is vital to ensure 
the early identification of resistant isolates and tracking 
changes in resistance patterns [17]. Correspondingly, the 
World Health Organization (WHO) recommends testing 
anti-malarial drugs’ efficacy at least once every two years 
in malaria-endemic settings [18]. As the country moves 
toward malaria elimination, understanding entrusted 
drug efficacy and safety is mandatory to evaluate malaria 
control strategies and interventions. The aim of this study 
was to assess the therapeutic efficacy and safety of AL for 
the treatment of uncomplicated P. falciparum malaria.

Methods
Study design and period
An in  vivo prospective observational study design, with 
a single-arm and open-label approach, was implemented 
from September 12, 2022, to February 8, 2023.

Study area
The study was conducted at Teda Health Centre (THC). 
The health centre serves more than 20,000 people. It is 
found in Teda subcity, which is located 29 km away in the 
Gondar city administration, Amhara National Regional 
State, Ethiopia. It is located at 11° 20′ 57.93" N latitude 
and 37° 58′ 42.45" E longitude, 2,200 m above sea level. 
The annual temperature of the area ranges from 22  °C 
to 29  °C, with the warmest and coldest months being 
March and July, respectively, and 1,162  mm of annual 
rainfall. Teda is located 698  km from Addis Ababa, the 
capital city of Ethiopia. The estimated population of the 
subcity is 20,000. The population is perennially infected 
with malaria, with approximately 20–25% of the total 
population affected annually. The number of cases rises 
during the major transmission season from September to 
December.

Study population
Patients with uncomplicated P. falciparum malaria who 
met the 2009 WHO eligibility criteria for anti-malarial 
efficacy study guidelines were enrolled and observed [19].

Inclusion criteria
Eligible individuals ranged from 6  months to 70  years 
of age and had not undergone malaria treatment in the 
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previous 28  days. They were required to be permanent 
residents within a 10-km radius from the health centre. 
Additionally, confirmation of P. falciparum mono-infec-
tion through microscopy was necessary, with a parasi-
taemia level falling between 1,000 and 100,000 asexual 
forms per microlitre. Prospective participants needed to 
exhibit an axillary temperature of 37.5 ºCelsius or higher, 
or have a history of fever within the past 24 h. Moreover, 
they must able to swallow oral medication and demon-
strate compliance with the study protocol.

Exclusion criteria
Individuals presenting complications or danger signs of 
severe malaria were ineligible for participation, as were 
those with severe malnutrition, indicated by a body mass 
index below 18.5 kg/m2 or a z score below -3. Addition-
ally, individuals with known diseases other than malaria, 
such as typhoid fever, typhus, hepatitis, HIV/AIDS, 
pneumonia, and tuberculosis, were excluded from the 
study. The presence of regular medications that could 
interfere with AL pharmacokinetics, including antiretro-
virals, ketoconazole, and rifampicin, rendered individu-
als ineligible [20]. History of hypersensitivity reactions to 
AL, pregnancy, lactation, and vomiting twice during drug 
administration also served as exclusion criteria. These 
criteria were carefully designed to ensure the safety of 
participants and the reliability of study outcomes.

Sample size determination
The sample size was computed using a single population 
proportion formula with a 5% failure rate, a desired pre-
cision of 5% and a 95% confidence level. To account for 
patients who are likely to be lost to follow-up, withdrawal 
or reinfection, an additional 20% was added to the origi-
nal sample size [19].

Study participants’ enrollment and data collection 
procedures
Initially, the presence of at least one P. falciparum para-
site for every six white blood cells (WBCs) was used as a 
preliminary eligibility criterion of parasite density, which 

n =

p(1− p)
(

Zα
/

2

)2

d2

n =
0.05(1− 0.05)(1.96)2

0.052
= 72.99

Final sample size = 72.99+ 72.99 ∗ (20%)
= 87.58 ≈ 88

matches to approximately 1,000 parasites/μl [19]. Then, a 
clinical screening was performed at an outpatient depart-
ment for eligibility. Female  patients  were  also  tested for 
pregnancy when clinically suspected. After a detailed 
explanation of the study procedure, eligible patients were 
asked for their consent and/or assent. Finally, an anony-
mous code number was given to them, their addresses, 
phone number, Kebele and village were recorded, and 
they were sent to the laboratory again. There, a capil-
lary blood sample was collected for repeated blood film, 
hemoglobin and dry blood spot (DBS) tests before the 
patient started treatment.

Blood film preparation and microscopic examination
A capillary blood sample was collected; blood films 
were made and stained with 10% and 3% Giemsa stain 
for 10  min and 30  min, respectively. The 10% Giemsa-
stained slides were examined immediately using an oil 
immersion objective, while the 3% Giemsa-stained slides 
were sent to the University of Gondar, Medical Parasi-
tology Laboratory, for asexual parasite quantification by 
highly skilled microscopists. Counting was conducted 
against 200 WBCs. However, in follow-up smears, when 
the number of asexual parasites was less than 10 per 
200 WBCs, counting was performed against at least 500 
WBCs. When > 50% discordant results in parasite density 
were observed between two microscopists, a third, sen-
ior malaria microscope expert examined them. Then, the 
parasite density was calculated by averaging the two clos-
est counts. The number of asexual parasites per micro-
litre of blood was determined by dividing the number 
of asexual parasites by the number of WBCs that were 
counted and multiplying the result by the estimated 
number of WBCs (8,000/μl).

The blood films were declared negative after examining 
the thick blood film, and no asexual parasites were found 
in 100 high-power fields [19].

Haematocrit determination
Anticoagulated blood collected in a heparin containing 
capillary tube was centrifuged at 11,000 to 12,000  rpm 
for 5  min. The resulting value was then read from the 
scale of a microhaematocrit reader, following the proce-
dure described elsewhere [21].

Anti‑malarial treatment
Artemether-lumefantrine (A/L 20  mg/120  mg) [Batch 
No.: (10): HWE111322; Mfd: (11), 11/2021; Exp: (17): 
10/2024] manufactured by Ipca Laboratories Ltd., Kan-
divali, Mumbai, India, was administered to the patients 
from the THC. The drug was given the first day at 0 and 
8 h and twice daily in the following 2 days, in the morn-
ing and early evening, i.e., 8–12 h apart, as recommended 
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by the manufacturer and Ethiopian malaria treatment 
guidelines. A total of 6 tablets were administered to 
patients weighing 6–15 kg, 12 tablets to those weighing 
16–24 kg, 18 tablets to those weighing 25–34 kg, and 24 
tablets to those weighing 35 kg or more [9].

The first and next morning doses were administered 
under direct supervision at the health centre. The study 
participants were observed for 30  min after taking the 
drug to see if they vomited. Patients who vomited during 
observation were given the same dose and observed for 
an extra 30 min. For the second daily dose, patients were 
instructed to take the drug at home under the supervi-
sion of their caregivers; a phone call was made to remind 
them to take the drug on time. There was no provision 
of any kind food at the health centre. However, patients 
were advised to take the drug with fatty meals such as 
milk. Finally, the study participants were instructed not 
to take any medicines by themselves but rather to come 
to the health centre if they had any illnesses [19].

Concomitant treatment
Primaquine was coadministered in a single low dose of 
0.25  mg/kg [9, 22], at the health centre immediately of 
taking the first dose of AL. In addition, paracetamol was 
administered with a standard dose of 15 mg/kg every 6 h 
to all patients with an axillary temperature of ≥ 38 °C [9, 
19].

Rescue treatment
Patients who encountered treatment failure were treated 
with the second-line treatment oral quinine (10 mg qui-
nine sulfate salt/kg) three times daily for seven days and a 
single low dose primaquine of 0.25 mg/kg [9].

Follow‑up
The follow-up schedule was outlined according to the 
WHO guidelines. Name, identification code and next 
scheduled visit dates were printed on an appointment 
card and given to the study participants. They were 
advised to come to the THC on days 1, 2, 3, 7, 14, 21, and 
28 and any other day if they had any clinical conditions. 
A reminder of their next schedule was made throughout 
their visits. When absences on the schedule were encoun-
tered, a phone call was made, and they were traced and 
advised by local health extension workers to complete the 
follow-up.

Clinical assessment, temperature measurement and 
blood films were performed throughout the schedule. In 
addition, haematocrit was performed on days 0, 14 and 
28. Moreover, for genotyping, DBS samples were col-
lected when a patient was found to have P. falciparum 
asexual parasitaemia after day-7. Adverse events that 

emerged after the taking of the drug were asked about 
and documented throughout the follow-up [19].

Loss to follow‑up
An effort was made to find absent study participants, and 
no treatment outcome was assigned to the lost patients. 
Patients who were lost to follow-up but who were sub-
sequently found before day-28 were screened for malaria 
for their healthcare [19].

Patient discontinuation or protocol violation criteria
Study participants were discontinued from the follow-up 
when they had withdrawn their consent, vomited twice 
during day-0 drug administration, developed a Plasmo-
dium vivax infection, or had any other infection that 
made it difficult to determine the treatment outcome. 
Additionally, study participants were withdrawn from 
the study when their PCR results indicated that the treat-
ment failure was caused by a new P. falciparum infection 
[19].

Molecular genotyping
The DBS was collected on  Whatman™ 3MM (CAT No. 
3030-6461) filter paper. After the DBSs were dried at 
room temperature, they were reserved in individual plas-
tic bags with silica gel, protected from direct sunlight, 
humidity and extreme temperature, and stored at −20 °C 
until transferred to the Armauer Hansen Research Insti-
tute (AHRI). The recurrent P. falciparum parasites that 
were detected during the follow-up were distinguished 
between reinfection and recrudescence by comparing 
the block-3 allelic families of merozoite surface protein-2 
gene (msp2). The recrudescence was determined by 
sharing at least one common allele within 20 base pairs 
in samples from day 0 and the day of recurrent parasi-
taemia. Reinfection was determined by the absence of a 
common allele on either allele of msp2.

DNA extraction
The MagMAX-KingFisher™-Flex DNA extraction and 
purification principle was applied using MagMAX™ 
DNA Multi-Sample Ultra 2.0 Kit. The DBS with two spots 
punched at 6 mm diameter was applied to the deep well 
on the plate and treated overnight at 56 °C in Proteinase-
K (Qiagen) and DNA lysis buffer on an Eppendorf ther-
momixer according to the manufacturer’s procedure 
[23]. Then, DNA-binding beads were added, centrifuged, 
and incubated, and absolute isopropanol was added. The 
beads were bound to the DNA and then immobilized on 
magnets. Finally, the sample mixture was placed on the 
KingFisher™ Flex, followed by wash-1 and wash-2 solu-
tions, and run.
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The extracted DNA was applied in 1 µl on the device, 
and then using fiber optic technology with natural sur-
face tension qualities to measure the quality of nucleic 
acid, shorter channel lengths were used. Quantitative 
PCR was also performed using Bio-Rad CFX96 Touch 
Real-Time PCR to confirm the absence of Plasmodium 
species other than P. falciparum and quantify the parasite 
density in the cycle of threshold (Ct).

PCR amplification
After the primary PCR using msp2 S2 forward primer 
and msp2 S3 reverse primer, a separate secondary PCR 
was followed using family-specific primer pairs. Two 
microliters of the primary amplicon was used as a tem-
plate in both separate nested PCRs. For N2 PCRs, allele-
specific reverse primers of Primer N5 3D7 and Primer 
M5 FC27 were used for the 3D7/IC and FC27 allelic 
families of msp2, respectively. The forward allele-specific 
Primer S1 tail was used for both alleles PCR following the 
protocol described elsewhere [24].

Gel electrophoresis
The gel was prepared using agarose powder in Tris–
Borate-EDTA buffer, stained with 1% ethidium bromide, 
and 8  µl of N2 product loaded into the wells. The elec-
trophoresis was run at 90 V and 400 A for 80 min. The 
Invitrogen 1 kb-plus DNA ladder was used to determine 
the base-pair size of the PCR product. Finally, a chemi-
PRO UV scanner was used to capture and read the PCR 
products [25].

Treatment outcome and safety evaluation criteria
Treatment outcomes were classified on the basis of the 
assessment of clinical and parasitological outcomes 
according to the 2009 revised WHO guidelines [19]. 
Thus, all patients were classified as having Early Treat-
ment Failure (ETF), Late Clinical Failure (LCF), Late 
Parasitological Failure (LPF) or Adequate Clinical and 
Parasitological Response (ACPR) as primary treatment 
outcomes [19].

Early treatment failure
Danger signs or severe malaria on day-1, 2 or 3, in the 
presence of parasitaemia; parasitaemia on day-2 higher 
than on day-0, regardless of axillary temperature; para-
sitaemia on day-3 with axillary temperature ≥ 37.5 °C; or 
parasitaemia on day-3 ≥ 25% of count on day-0.

Late clinical failure
Danger signs or severe malaria in the presence of parasi-
taemia on any day between day-4 and day-28; or presence 

of parasitaemia on any day between day-4 and day-28 
with axillary temperature ≥ 37.5  °C in patients who did 
not previously meet any of the criteria of ETF.

Late parasitological failure
Presence of parasitaemia on any day between day-7 
and day-28 with an axillary temperature < 37.5  °C; in 
patients who did not previously meet any of the criteria 
for ETF or LCF.

Adequate clinical and parasitological response
Adequate clinical and parasitological response is 
achieved when there is an absence of parasitaemia on 
day 28, regardless of axillary temperature, in patients 
who did not previously meet any of the criteria for ETF, 
LCF or LPF.

Parasite and fever clearance rates were assessed by the 
proportion of patients free from asexual parasites and 
fever, respectively, on days 1, 2 and 3 for the secondary 
treatment outcomes. In addition, all study participants 
were asked about previous malaria-related symptoms 
and drug-related adverse events that occurred after the 
start of therapy or were present on day-0 and worsened 
during follow-up. In the case of children, the guardians 
were asked about any side effects of the drug and the 
child’s tolerance to treatment.

Data quality control and management
A fresh working solution of Giemsa stain was prepared 
for each batch of blood smears. Additionally, known 
positive and negative slides were utilized to assess the 
quality of the Giemsa stain and to control the micro-
scope quality. The accuracy of the thermometer was 
tested in a water bath at a known temperature before 
the study began. Moreover, the average of two capillary 
tube haematocrit results was used. The weight scale 
was calibrated daily using a standard weight. All PCR 
master mixes were prepared in a sterile environment 
in biosafety cabinets. The PCR techniques and DNA 
extraction materials were checked for expiration dates 
and tested using known positive and negative quality 
control samples. Finally, the data were carefully docu-
mented and evaluated, and then entered using a dou-
ble-entry procedure.

Data processing and analysis
The data were entered and analysed using the WHO 
Excel worksheet [26] and SPSS version 25. The data 
were checked for normality using the Shapiro–Wilk test. 
The data were analysed by per-protocol analysis and 
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Kaplan–Meier survival analysis. A paired sample t test 
was used to compare the mean haemoglobin levels. The 
95% confidence level was used, and a p value of less than 
0.05 was considered statistically significant (Fig. 1).

Results
Study participants’ enrollment
A total of 6,019 malaria-suspected patients attending 
THC were screened during the enrollment period. Of 
these 2,135 (35.47%) were microscopically positive for 
malaria. The number of cases of P. falciparum, P. vivax 
and mixed infection was 942 (44.12%), 1,116 (52.27%) 
and 77 (3.6%), respectively (Fig. 2).

Baseline characteristics of the study participants
Of the 88 eligible study participants enrolled, most 
were from the male and adult age groups, with pro-
portions of 61.4% and 63.6%, respectively. The study 
participants’ mean age was 19.8  years. Seventy-four 
(84.1%) of those enrolled in the study had an axillary 
temperature of ≥ 37.5 °C, with a mean of 38.34 °C. The 
rest, 14 (15.9%), had a history of fever within the pre-
vious 24  h. The geometric mean of asexual parasitae-
mia was 7,402/µl, and the number of study participants 

with gametocytes was 6 (6.8%). The mean Hgb level was 
13.86 mg/dl Table 1.

Treatment outcomes
Of the 88 enrolled study participants, 67 completed the 
follow-up on their schedule, with three of them having 
recurrent P. falciparum parasitaemia (Fig. 3).

Primary treatment outcome
The success rates of PCR uncorrected and corrected 
Kaplan–Meier analyses on day 28 were 95.8% (95% CI 
87.5–98.6) and 97.3% (95% CI 89.4–99.3), respectively. 
Sixty-seven patients completed the follow-up for PP anal-
ysis before PCR correction, while 66 patients completed 
it after PCR correction. Of the properly followed study 
participants, 64 had an ACPR. The PP PCR-uncorrected 
and corrected ACPRs were found to be 95.5% and 97%, 
respectively (Table  2). Three cases of recurrent P. falci-
parum parasitaemia were found on days 13 and 28. The 
study participant who had positive parasitaemia on day-
13 also had fever and clinical manifestations of malaria. 
Since the axillary temperature was > 37.5  °C, it formed 
a PCR uncorrected LCF of 1.5%. The two patients with 
recurrent parasitaemia had no fever or history of fever 

Fig. 1 Map of the study area: Teda Health Centre, Gondar town, Northwest Ethiopia 2022/23



Page 7 of 13Woldesenbet et al. Malaria Journal          (2024) 23:266  

in the previous 24 h. Therefore, the uncorrected LPF was 
3%. However, after correction, only two of the recurrent 
parasitaemia confirmed recrudescence, and the remain-
ing new infection was excluded. Therefore, the corrected 
treatment failures were an LCF of 1.5% and an LPF of 
1.5% (Fig. 4).

Secondary treatment outcomes
Parasite clearance
Approximately half of the study participants (48.9%) 
cleared parasitaemia on day-1. Seventy-five (85.2%) and 
86 (97.7%) of 88 study participants cleared parasitaemia 

on day-2 and day-3, respectively. On day-0, the median 
parasitaemia was 6,374/µ (1,213–96,661); it decreased 
508/µ on day-1, 243/µ on day-2 and 124/µ on day-3.

Fever clearance
For the fever clearance rate, the denominator used was 
the number of patients having an axillary temperature 
of ≥ 37.5ºC on day-0, which was 74 (84.1%). The fever 
cleared in 67 (90.54%) of the patients. All patients were 
free of fever on day-2 and afterward. The mean axil-
lary temperature of all the study participants improved 
from the baseline of 38.14  °C (36.7–40.5) to 36.61 

Fig. 2 Diagram of study participant screening and enrollment at Teda Health Centre, Northwest Ethiopia 2022/23
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Table 1 Baseline characteristics of the study participants at Teda, Gondar Northwest Ethiopia 2022/23

SD = standard deviation, T = temperature

Characteristics Age group

(0–5) [5 to 15)  ≥ 15 Total

Mean age (SD) 3 (0.8) 10.8 (2.8) 25.5 (11.5) 19.8 (12.1)

Sex
Male n (%)
Female n (%)

1 (25)
3 (75)

20 (71.4)
8 (28.6)

33 (58.9)
23 (41.1)

54 (61.4)
34 (38.6)

Weight (kg) mean (SD) 13 (0.8) 31.2 (9.0) 59.1 (12.2) 48.1 (18.5)

Height (cm) mean (SD) 92.3 (7.8) 132.9 (17.4) 164.5 (8.9) 152 (22.9)

Mean T °C (SD) 37.8 (0.8) 38.3 (0.9) 38.1 (0.7) 38.1 (0.8)

Geometric mean parasitaemia/µl 
(range)

14904
(4505–42,275)

6685
(2352–39,480)

7409
(1213–96,661)

7402
(1213–96,661)

Gametocyte n (%) 0 4 (4.5%) 2 (2.3%) 6 (6.8%)

Hgb (g/dl) mean (SD) 12.8 (1.6) 12.9 (1.0) 13.2 (1.3) 13.1 (1.25)

Fig. 3 Study participants’ follow-up flow chart during the 28 day period at Teda Health Centre, Northwest Ethiopia 2022/23
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(35.60–37.80), 36.44 (35.20–37.20) and 36.70 (36.00–
37.30) on day-1, day-2 and day-3, respectively.

Gametocyte clearance
There were only six study participants with gametocytes 
(6.8%) at baseline. Four were in the 5–15-year-old age 
group and the remaining two were from the adult group, 
but no gametocytes were found in the underfive year age 
group. Two of them had cleared gametocytes on day-1 
while the remaining four remained positive. All of the 
gametocyte-positive cases had cleared gametocytaemia 
by day-2. No gametocytes were found microscopically 
thereafter throughout the follow-up, including on the 
days of the treatment failures.

Genotyping results of recurrent malaria
Three study participants were found to have P. falciparum 
parasitaemia after the completion of treatment through-
out the entire follow-up. The days in which P. falciparum 
parasites were found were day-13 and day-28. Only one 
had a fever during the presentation on the unscheduled 
visit on day-13. Recurrent infections were distinguished 
as recrudescence or reinfection using the allelic families 
of msp2. Two of the study participants showed recrudes-
cence since samples from day-0 and the day of recurrent 
parasitaemia shared at least one common allele within 
20 base pairs. However, the remaining was reinfection 
since it did not show any common allele on either allele 
of msp2.

Haemoglobin improvement
The mean haemoglobin was 13.10 (SD: 1.29425) on day-0 
and 13.27 (SD: 0.96547) on day-14. However, a significant 
increase was observed on day-28, with the mean haemo-
globin rising to 13.69 (SD: 0.9000), as determined by a 
paired sample t-test, t (63) = -6.061, p = 0.000 (two-tailed) 
at a 95% confidence interval.

Adverse events
Adverse events that were raised after the initiation of AL 
treatment or worsened from baseline were reported, with 
lip dryness (11–15.4%), mouth rash (1.1–18.2%), abdomi-
nal pain (2.3–15.9%), dizziness (3.7–9.1%) and coughing 
(1.1–9.1%) being the most common Table 3.

Table 2 Primary treatment outcomes of AL for the treatment 
of uncomplicated P. falciparum malaria at Teda Health Centre, 
Northwest Ethiopia 2022/23

CI = confidence interval

Treatment outcome Number % Lower 95% CI Upper 95% CI

ETF 0 0.0 0.0 5.4

LCF uncorrected 1 1.5 0.0 8.0

LCF corrected 1 1.5 0.0 8.2

LPF uncorrected 2 3 0.4 10.4

LPF corrected 1 1.5 0.0 8.2

PP ACPR uncorrected 64 95.5 87.5 99.1

PP ACPR corrected 64 97.0 89.5 99.6

KM uncorrected 95.8 87.5 98.6

KM corrected 97.3 89.4 99.3

0.955
0.960
0.965
0.970
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0.980
0.985
0.990
0.995
1.000
1.005

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28

C
um

ul
at

iv
e

in
ci

de
nc

eo
f s

uc
ce

ss

Follow-up days 
Fig. 4 PCR-corrected Kaplan–Meier survival curve following AL treatment for uncomplicated P. falciparum malaria at Teda, Gondar, Northwest 
Ethiopia 2022/23
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Discussion
In this study, the PCR-uncorrected and PCR-corrected 
ACPRs were 95.5% and 97%, respectively, in the per-pro-
tocol analysis. Even with extensive utilization, the drug’s 
therapeutic efficacy is still far from the WHO alarming 
threat threshold. The results are consistent with an ear-
lier study in southwestern Ethiopia (97.8% corrected 
ACPR), that was conducted seven years after it had been 
introduced as a first-line drug [27].

The 97% corrected ACPR is also in agreement with 
other studies conducted in different transmission settings 
in Ethiopia: Chewaka 96% [28], Enfranze 95% [29] and 
consistent with the pooled 98.7% ACPR of the meta-anal-
ysis of Ethiopian studies [15]. The minor differences may 
be due to seasonal variations in the study period. Cromp-
ton et  al. reported that short-lived naturally acquired 
humoral responses against P. falciparum antigens became 
intense after the major malaria transmission season [30]. 
In addition, the degree of endemicity in the study areas 
may have contributed to the slight differences. Moreover, 
the study participants’ age composition, compliance with 
the study protocol, or fatty meal provision during drug 
administration might all faintly affect the rates of thera-
peutic efficacy.

The results of this study indicate the continued suc-
cess of AL treatment despite the increase in single 
nucleotide polymorphism mutation prevalence in k13 
that was reported in the area located closer to this study 
site, Northwest Ethiopia [11]. Regardless of the repeated 
detection of treatment failure in Cambodia [31–33], AL 
was reported to be efficacious in SSA studies [34–39].

The consistent success rate of AL in this study and 
other malaria-endemic SSA countries might be because 
the populations in these study areas are repeatedly 
exposed to infectious mosquito bites, allowing them to 

develop naturally acquired immunity to multiple parasite 
strains [40, 41]. This background immunity is believed 
to have a synergistic role with antimalarial drugs and is 
associated with a lower likelihood of treatment failure 
[42, 43].

In Ethiopia, k13 mutation was found to be increasing, 
from 2.4% in 2013/14 [10] to 9.5% after three years [11]. 
However, a high level of population immunity is believed 
to boost immune selection in preference to resistant 
selection. Therefore, it slowed resistance emergence by 
allowing sensitive lineages to persist at the expense of the 
expansion of a resistant lineage.

Two study participants experienced recrudescence in 
the current study, which was confirmed by the block-3 
alleles of msp2 in paired samples. They had LCF and 
LPF and were 16 and 14 years old, respectively. At base-
line, their parasite densities were 3,193/µl and 17,972/
µl. The former, who had LCF, was found to have posi-
tive parasitaemia on day-3, while the latter, who had 
LPF, cleared parasitaemia on day-2.  Since partial  resist-
ance to artemether seldom results in treatment failure in 
the absence of partner drug resistance [44], the presence 
of parasitaemia on day-13 may be due to the emergence 
of resistance to lumefantrine. This was explained by an 
in vitro study in which the efficacious lumefantrine drug 
boosted artemisinin-killing activity even though parasites 
have artemisinin resistance with the k13 mutation [45].

Day-3 parasitaemia clearance was 97.7% in this 
study. This is uneven, with other studies in Ethiopia 
[11, 46–48] and elsewhere [37, 49] reporting com-
plete clearance on day-3. However, it is in agreement 
with other studies in Ethiopia [28, 29, 50] and else-
where [39, 51]. One of two day-3 positive parasitaemia 
patients  in this study had  a high parasite density at 
baseline with 93,960/µl parasites, but the other, with a 

Table 3 Adverse events encountered throughout the entire follow-up of AL treatment for uncomplicated P. falciparum malaria at Teda 
Health Centre, Northwest Ethiopia 2022/23 (n = 64)

Adverse events Frequency (n) and percentage (%) of adverse events

Day‑0 Day‑1 Day‑2 Day‑3 Day‑7 Day‑14 Day‑21 Day‑28

Lip dryness 0 10 (11.4) 12 (13.6) 11 (12.5) 9 (11.0) 12 (15.4) 3 (4.3) 0

Dizziness 3 (3.4) 8 (9.1) 6 (6.8) 3 (3.4) 3 (3.7) 6 (7.7) 0 0

Mouth rash 0 16 (18.2) 8 (9.1) 1 (1.1) 4 (4.9) 0 3 (4.3) 0

Fatigue 77 (87.5) 0 0 3 (3.4) 8 (9.8) 0 3 (4.3) 0

Cough 0 1 (1.1) 8 (9.1) 4 (4.5) 3 (3.7) 3 (3.8) 1 (1.4) 3 (4.7)

Headache 78 (88.6) 1 (1.1) 2 (2.3) 1 (1.1) 2 (2.4) 3 (3.8) 0 0

Abdominal pain 0 14 (15.9) 2 (2.3) 4 (4.5) 6 (7.3) 6 (7.7) 0 0

Diarrhoea 0 4 (4.5) 0 0 0 0 0 0

Joint pain 47 (53.4) 5 (5.7) 0 0 3 (3.7) 4 (5.1) 0 0

Sleep disorder 0 2 (2.3) 4 (4.5) 2 (2.3) 6 (7.3) 0 3 (4.3) 0
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baseline parasitaemia of 3,193/µl developed LCF. It has 
been identified that a high baseline parasite density 
influences parasite clearance rates [52]. In contrast, 
delayed parasite clearance (day-3 parasite-positive 
rate) can be used as an indicator of artemisinin partial 
resistance [53, 54].

Likewise, of the patients who were febrile at baseline, 
90.5% cleared fever on day-1, and all cleared fever on 
day-2. This finding is consistent with the studies con-
ducted in Ethiopia [46, 47, 55] and Kenya [37]. This 
demonstrates the continued reliability of AL with rapid 
clinical and parasitological resolution.

In this study, the initial gametocyte carriage in six 
patients was reduced to four on day-1 and all of them 
cleared on day-2. When compared to prior Ethiopian 
studies that reported day-3 [28, 50, 56] and day-7 [29, 
57] overall clearances, this study’s clearance rate is 
strikingly rapid. The absence of gametocytes after day-1 
might be due to the combined gametocidal actions of 
AL coadministration with primaquine. This is in agree-
ment with the individual meta-analysis that showed an 
earlier gametocyte clearance rate with day-0 coadmin-
istration of AL and primaquine [58].

The mean haemoglobin level increased slightly on 
day-14 in the current study. On day-28, it increased sig-
nificantly. The resolution of anaemia and restoration of 
haemoglobin after treatment were demonstrated by an 
individual patient data analysis conducted in SSA [59]. 
The findings of this study are in agreement with the 
studies conducted in Ethiopia [48, 56, 60].

Artemether-lumefantrine was reported to have the 
most tolerated anti-malarial effects; in this study, the 
drug continued its effectiveness with safe tolerance by 
all age groups of study participants. The most common 
adverse events reported after initiation of the drug were 
mouth rash, lip dryness and ulcer, abdominal pain, diz-
ziness and cough. These adverse events are expected 
since all of them were already mentioned as side effects 
of the drug [20].

Limitations of the study
The study has some limitations, such as the high rate 
of loss to follow-up, which challenges the robustness of 
the findings. Despite attempts to mitigate this, bias may 
still exist, especially if those lost differ systematically 
from those who remained, potentially skewing results. 
Using a single genotyping marker may restrict the 
accuracy of true treatment failures. Although selected 
for relevance, incorporating additional markers could 
enhance understanding of true recrudescence. The hae-
moglobin measuring tool may introduce errors, as hae-
moglobin values were derived from haematocrit values.

Conclusion
Despite its limitations, this study demonstrated that AL 
has continued to be an efficacious drug for uncompli-
cated P. falciparum malaria treatment with rapid clini-
cal and parasitological resolution and negligible adverse 
events. It also has a considerable effect on improving the 
baseline haemoglobin level. However, further investiga-
tions are warranted, as the burden of malaria is stead-
ily rising in the study area. For increased awareness and 
updated evidence, consistent therapeutic efficacy studies 
are needed.
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