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Artemether-lumefantrine (AL) is the first-line treatment for uncomplicated malaria in the second and third trimesters of preg-
nancy. Its efficacy during pregnancy has recently been challenged due to altered pharmacokinetic (PK) properties in this vulner-
able group. The aim of this study was to determine the PK profile of AL in pregnant and nonpregnant women and assess their
therapeutic outcome. Thirty-three pregnant women and 22 nonpregnant women with malaria were treated with AL (80/480 mg)
twice daily for 3 days. All patients provided five venous plasma samples for drug quantification at random times over 7 days. In-
ter- and intraindividual variability was assessed, and the effects of covariates were quantified using a nonlinear mixed-effects
modeling approach (NONMEM). A one-compartment model with first-order absorption and elimination with linear metabo-
lism from drug to metabolite fitted the data best for both arthemether (AM) and lumefantrine (LF) and their metabolites. Preg-
nancy status and diarrhea showed a significant influence on LF PK. The relative bioavailability of lumefantrine and its metabo-
lism rate into desmethyl-lumefantrine were, respectively, 34% lower and 78% higher in pregnant women than in nonpregnant
patients. The overall PCR-uncorrected treatment failure rates were 18% in pregnant women and 5% in nonpregnant women
(odds ratio [OR] � 4.04; P value of 0.22). A high median day 7 lumefantrine concentration was significantly associated with ade-
quate clinical and parasitological response (P � 0.03). The observed reduction in the relative bioavailability of lumefantrine in
pregnant women may explain the higher treatment failure in this group, mostly due to lower posttreatment prophylaxis. Hence,
a modified treatment regimen of malaria in pregnancy should be considered.

Malaria during pregnancy is a major public health problem,
which is associated with high maternal and perinatal mor-

tality in tropical and subtropical regions (1). Pregnant women are
at increased risk of clinical malaria compared to nonpregnant
women because of the associated immunological and hormonal
changes in pregnancy (2). Substantial direct risks to pregnant
women include severe maternal anemia, and the risks affecting the
baby are intrauterine growth retardation, intrauterine death, still-
birth, premature delivery, low birth weight, and perinatal and
neonatal morbidity and mortality (3). Because of all this, malaria
during pregnancy should be treated effectively.

Artemether-lumefantrine (AL) (20 mg and 120 mg, respec-
tively) is one of the most popular and efficacious fixed-dose arte-
misinin-based combination therapies (ACTs) against Plasmo-
dium falciparum. It is currently available at a subsidized cost in
most countries where malaria is endemic. AL has proved to be not
inferior to quinine in East Africa for the treatment of P. falciparum
infection in the second and third trimesters of pregnancy (4).
ACTs are recommended by the World Health Organization
(WHO) as the first-line treatment for uncomplicated malaria in
the second and third trimesters of pregnancy (5). Unfortunately,
general interindividual variability for drug absorption, distri-
bution to different compartments of the body and tissues,
plasma binding proteins, rate of metabolism, enterohepatic re-
circulation, and excretion may be associated with changes in
the bioavailability of a drug and consequently may affect the
therapeutic efficacy (6).

Pregnancy has been reported to affect the efficacy of some
drugs, including antimalarial drugs. This is due to physiological
changes that lower drug absorption, speed up drug clearance, and
increase body fluid volume of distribution (7–9). Elevated levels of
estrogens, progesterone, cortisol, and prolactin hormones during
pregnancy have been linked to altered metabolic activity of several
hepatic cytochrome P450 enzymes. For instance, catalytic activity
of CYP3A4, CYP2C9, and CYP2A6 enzymes increases during
pregnancy (10, 11), and these enzymes are responsible for lume-
fantrine and artemether metabolism (12, 13). Hence, it is expected
that significant alteration of the pharmacokinetics (PK) of most
antimalarial drugs during pregnancy occurs, which may be asso-
ciated with lower drug concentrations and lower antimalarial cure
rate, especially in advanced pregnancy (14–16). A higher treat-
ment failure rate has indeed been observed for pregnant women
compared to nonpregnant ones living in the same area (16). Sev-
eral PK studies on artemether (AM) and lumefantrine (LF) and
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their respective metabolites, dihydroartemisinin (DHA) and de-
butyl-lumefantrine (DLF), have demonstrated low concentra-
tions of these drugs in plasma in pregnant women compared to
nonpregnant adults. However, most of these studies included
healthy male adult volunteers as a comparative group rather than
female malaria patients (16–19). Because of various determinants
of PK and therapeutic outcome, it is essential to have a compara-
tive population of nonpregnant women of the same study area
with the same disease.

An important concern during the course of AL treatment is to
achieve adequate residual LF level after complete elimination of
AM and DHA so that it may clear all residual malaria parasites (9).
Therefore, day 7 LF concentration has been proposed as a good
indicator of AL effectiveness (20, 21). A recent pharmacokinetics
study of AL in Cambodia and Tanzania reported that the targeted
day 7 LF concentration was also not achieved in a significant num-
ber of nonpregnant adult patients. In Tanzania, 35% of samples
had LF concentration below the cutoff value of 175 ng/ml at day 7
(22). During pregnancy, when host antiparasite immunity is
somehow compromised (2), a higher day 7 venous concentration
of LF may be required than what has previously been proposed in
studies of nonpregnant adult patients, i.e., a cutoff value of 175
ng/ml or 280 ng/ml in order to achieve effective therapeutic out-
come and 600 ng/ml for maximal efficacy (23, 24). Some predic-
tive models have suggested that a twice-daily regimen of AL for 5
days would be preferable in later pregnancy in order to achieve
sufficient drug concentration in plasma (19). Increasing the dura-
tion of AL administration is indeed expected to increase the resid-
ual LF level in the subsequent posttreatment cycle so as to reduce
the chance of recrudescence (22). This should be interpreted with
caution, because extending the duration of treatment regimen
may possibly lead to lower adherence. Doubling the dose might be
another option, but it may not be appropriate because absorption
of LF is dose limited (25).

The aim of the present study was to characterize the PK profiles
of AL and their metabolites, to determine their variability, and to
identify factors that might explain variations in drugs and metab-
olite levels in pregnant (second and third trimesters of pregnancy)
and nonpregnant women living in the same area and to assess cure
rate and parasitological clearance in these two groups. The model
developed for lumefantrine was used to simulate day 7 concentra-
tions under standard and alternative dosage regimens and quan-
tify the percentages of pregnant and nonpregnant women having
concentrations below different proposed cutoff thresholds.

MATERIALS AND METHODS
Study design and procedures. This study was conducted in Rufiji district
in a coastal region in eastern Tanzania. The asexual parasitemia preva-
lence is 14%, and Plasmodium falciparum is the predominant species (26).
The study was carried out at the Kibiti health center from April to Sep-
tember 2012. Approval for the study was granted by two independent
ethical review bodies: (i) the Research Ethics Committee of the Ifakara
Health Institute (IHI) and (ii) the National Institute for Medical Research
(NIMR) Ethical Committee. All women signed an informed consent form
prior to enrollment in the study.

Pregnant and nonpregnant women diagnosed with uncomplicated
malaria were recruited from either the outpatient department or Repro-
ductive and Child Health (RCH) clinic. Inclusion criteria were women
aged 18 years and above, resident of Rufiji study area, pregnant and in the
second or third trimester, and having signs or symptoms suggestive of
uncomplicated malaria with fever (axillary temperature of �37.5°C) or

history of fever for the past 24 h, P. falciparum detected by microscopy,
and hemoglobin level of �7 g/dl. Exclusion criteria were known allergy to
AL or quinine; history of renal, liver, or heart problem; hyperparasitemia
above 200,000/�l; reported intake of any antimalarial drug within the past
28 days; unable to take oral medication; and vomiting the medication
within 1 h of taking the first dose. The same criteria applied to nonpreg-
nant women (control group) that were recruited concurrently during the
same study period after informed consent. A full medical history, includ-
ing concomitant illness and concomitant medication, was recorded. Clin-
ical examination on the day of enrollment in the study was performed by
an experienced physician. Patients were also seen by the clinician during
follow-up visits on days 1, 2, 3, 7, 14, 28, and 42 when axillary temperature
was measured and malaria-related symptoms were evaluated (5). Gesta-
tional age was determined from the estimated first day of the last normal
menstrual period and compared to clinical examination of a fundal
height. In case of any discrepancy, gestational age was recalculated from
the estimated age at the first RCH visit.

Drug regimen. Enrolled participants received four tablets of arte-
mether-lumefantrine (AL) (Coartem; Novartis Pharma AG, Basel, Swit-
zerland) (20 mg artemether [AM] and 120 mg lumefantrine [LF]) over the
course of 3 days at 0, 8, 24, 36, 48, and 60 h. Each dose was administered
with 200 ml of milk containing 4.5 g of fat because of the associated
increase in LF bioavailability when taken with a meal rich in fat (27). All
patients were asked to come back to the health center for each drug ad-
ministration and observed for 1 h after dose intake. None of the patients
was admitted during the course of AL treatment, but one pregnant
woman who developed severe malaria on day 1 was admitted, and the
treatment was changed to intravenous quinine. A limited number of pa-
tients were administered drug at home by the study’s clinician or field
assistant, specifically for those who had difficulty coming to the clinic at
scheduled times for observed drug administration.

Blood samples. To determine AM, dihydroartemisinin (DHA), LF,
and debutyl-lumefantrine (DLF) concentrations, 2 ml of venous blood
was drawn from the patient at random times between 8 and 11 a.m. on
days 0, 1, 2, 3, and 7. The schedule for sample collections agrees with
WHO recommendation for lumefantrine concentration measurement,
but is suboptimal for artemether due to practical difficulties for patients to
return to the health center for all requested time points (21). Day 0 blood
sample was collected before starting the medication as a baseline so as to
determine the presence of any antimalarial in the patient’s plasma prior to
treatment due to intake of nondeclared drugs (28, 29). The blood samples
in EDTA Vacutainer tubes were centrifuged at 2,000 � g for 5 min, and the
plasma samples were stored in cryotubes. Samples were kept at �25°C for
at most 6 weeks before transferred to the Ifakara Health Institute Baga-
moyo clinical laboratory for temporary storage at �80°C. It is known that
the storage of plasma samples for bioassay of artemether and lumefantrine
and their metabolites at �20°C for 8 months does not affect drug concen-
tration (21). All samples were packed in dry ice and then shipped to the
clinical pharmacology laboratory of the University Hospital in Lausanne,
Switzerland, for the drug bioassay.

To estimate the parasite density and clearance rate, capillary blood
from a finger prick was taken at days 0, 3, 7, 14, 28, and 42. Samples were
collected on slides and Giemsa stained, and thick and thin blood smears
were examined by two different experienced microscopists using light
microscopy. The number of parasites in thick blood smears were counted
per 200 leukocytes, and the parasite count was multiplied by a factor of 40
to give the number of parasites per microliter of blood. Approximately 50
�l of finger pricked blood was spotted onto Whatman filter paper cards
(3MM). DNA was extracted from Whatman filter paper cards by the
Chelex method (30). In order to differentiate between recrudescence and
new infection, samples were genotyped by the most polymorphic marker,
the merozoite surface protein 2 (MSP2) and the amplicons were visualized
in a 2% agarose gel as described elsewhere (31).

Drug assay. The concentrations of AM, DHA, LF, and DLF in plasma
were determined using a validated liquid chromatography-tandem mass
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spectrometry (LC-MS/MS) method (32). The presence of 10 other antima-
larial drugs and metabolites, i.e., artesunate, amodiaquine, N-desethyl-amo-
diaquine, piperaquine, pyronaridine, mefloquine, chloroquine, pyrim-
ethamine, and sulfadoxine, were also assessed at the same time. This is
standard procedure for LC-MS/MS, and it helps to ensure that the malaria
outcome that was observed was due to AL intake, and not to any other
residual antimalarial. The assay is precise (3.1% to 12.6% for interday
variation coefficient) and sensitive (0.15 to 3.0 ng/dl for lower limit quan-
tification [LOQ] of basic or neutral antimalarial and 0.75 to 5 ng/dl for
artemisinin derivatives).

The bioassays were carried out at the Laboratory of Clinical Pharma-
cology of the Lausanne University Hospital, which takes part in the quality
control system of the WorldWide Antimalarial Resistance Network
(WWARN).

Efficacy assessment. AL efficacy was determined by cure rate and
parasitological clearance. The definition of treatment response was ac-
cording to WHO recommendations on the methods for surveillance of
antimalarial drug efficacy (33). Treatment response was thus classified
into early treatment failure (ETF), late clinical failure (LCF), late parasi-
tological failure (LPF), and adequate clinical and parasitological response
(ACPR). Participants who developed either clinical or parasitological fail-
ure as defined above received quinine (10 mg/kg of body weight) three
times a day for 7 days, according to standard treatment guidelines (34).

Pharmacokinetic analysis. Drugs and their metabolites were modeled
using the NONMEM computer program version 7.2 (NM-TRAN version
II) (35)with the PsN-Toolkit version 3.5.3 (36). The program uses mixed-
effects (fixed and random) regression to estimate population means and
variances of the pharmacokinetic parameters and to identify the factors
that influence them.

Structural model. One- and two-compartment models with first-or-
der absorption and elimination and linear metabolization to DLF and
DHA were compared to describe LF and AM pharmacokinetics, respec-
tively, with an additional compartment used to characterize metabolite
data. Sequential and simultaneous parent-metabolite modeling methods
were used for LF/DLF and AM/DHA, respectively. The final estimated
parameters were drug and metabolite systemic clearance (CL and CLmet,
respectively), volume of distribution of the central compartment (Vc),
and metabolism rate constant from the drug to the metabolite compart-
ment (K23). Owing to identification problems, the volume of distribu-
tions of DLF and DHA could not be estimated and were assumed to be
equal to those of LF and AM, respectively. Because of the limited number
of measurements in the absorption phase, the absorption rate constants
(Ka) could not be adequately estimated and were thus fixed at 0.7 and 0.54
h�1 to achieve peak plasma AM and LF concentrations, respectively, 2 h
and 6 to 8 h after drug intake (37). Finally, the known presystemic con-
version of AM into DHA was modeled estimating the fraction of the AM
dose directly converted into the metabolite using 1 � F1, with F1 � 1
representing the relative bioavailability of AM. Since the drugs were given
orally, these parameters represent apparent values. In case the analysis of
baseline plasma samples showed nonzero concentration of the drugs
(suggesting that AL was previously taken), a factor (F0) was introduced in
the model in order to estimate the residual doses from previous treat-
ments.

Statistical model. Interpatient variability of all the PK parameters was
described by exponential errors following a log normal distribution, as
illustrated by the equation �j � �exp(�j), where �j is the pharmacokinetic
parameter associated with the jth individual, � is the average population
value, and �j is the jth individual component of the interpatient random
effect, an independent, normally distributed variable with mean 0 and
variance �2. In order to constrain individual F1 to vary between 0 and 1, a
logit function (logit F1) was used. Correlations between PK parameters
were also investigated. Finally, proportional, additive, and combined pro-
portional-additive error models were compared to describe the intrapa-
tient (residual) variability for both drug and metabolite. The correlation

between drug and metabolite concentration measurements was tested
using the NONMEM L2 item.

Covariate model. The available covariates were pregnancy status,
body weight, body mass index (BMI), age, gestational age, and diarrhea.
The covariate analysis was performed using a stepwise insertion/deletion
approach. Visual inspection of the correlation between post hoc individual
estimates of the PK parameters and the available patients’ characteristics
was conducted at first. During the forward selection, potential covariates
influencing the kinetic parameters were sequentially incorporated in the
model and retained if statistical significance was achieved in NONMEM
(P 	 0.05). Backward deletion was performed once the model, including
all the significant factors was built. It consisted of removing the covariates
one at time, starting from the most insignificant one, until no further
nonsignificant deterioration of the model was observed (P 	 0.01). The
typical value of the pharmacokinetic parameters � was modeled to depend
linearly on the covariate X (continuous covariates centered on the popu-
lation median; dichotomous variables coded as 0 and 1) using � � �a(1 

�bX), where �a is the mean estimate and �b is the relative deviation of the
mean due to the X covariate. Body weight (BW) effect was alternatively
modeled using the allometric function � � �a(BW/MBW)�c, where MBW
is the median population BW and �c was fixed to the values in the litera-
ture, i.e., 0.75 for CL and 1 for V. Linear and allometric functions were
then compared to identify the model describing at best the relationships
between BW and the pharmacokinetic parameters.

Selection of the model and parameter estimation. Drugs and metab-
olites were fitted by use of the first-order conditional (FOCE) method
with interaction using the ADVAN5 subroutine. Concentrations below
the quantification limit (BQL) of the assay were treated using the M3
method described by Beal (38) as implemented by Ahn et al. (39). Never-
theless, when using the L2 function, BQL data were replaced by LOQ/2
and handled by the M6 approach (38). The log likelihood ratio test,
based on differences in the objective function value (�OFV) provided by
NONMEM, was employed to discriminate between hierarchical models.
Since a �OFV between any two models approximates a �2 distribution, a
change of the objective function was considered statistically significant if it
exceeded 3.84 (P 	 0.05) for one additional parameter in model building
and covariate forward-addition steps or 6.63 (P 	 0.01) in covariate back-
ward elimination. The Akaike information criterion (AIC) was used to
compare nonnested models. Shrinkage was also examined. Additional
criteria for model selection were diagnostic goodness-of-fit plots, preci-
sion of pharmacokinetic parameter estimates, and the reduction of the
interpatient variability in parameters.

Validation of the model. The stability of the final model was assessed
by means of the bootstrap method implemented in PsN, generating 2,000
data sets by resampling from the original data set. Mean parameter values
with their 95% confidence intervals (CI95%s) were derived and compared
with the final pharmacokinetic model estimates. Model validation was
performed by visual predictive checks (VPC), simulating data for 1,000
individuals based on the final model and generating 2.5th, 50th, and
97.5th percentiles. The observed concentrations were plotted against the
95% prediction interval (PI95%) of the simulated data set at each time
point and visually compared. Figures were generated with GraphPad
Prism (version 6.00 for Windows; GraphPad Software, San Diego, CA,
USA).

Model-based stimulation for LF. The concentration-time profiles of
LF in 1,000 individuals receiving two different regimens of 6 doses over 3
days (at 0, 8, 24, 36, 48, and 60 h) and 5 days (at 0, 8, 24, 48, 72, and 96 h)
were derived by simulations based on the final model, including interpa-
tient variability. Day 7 predicted median concentrations with their PI95%s
for pregnant and nonpregnant women were derived. In addition, these
simulations allowed quantification of the percentages of pregnant and
nonpregnant women having a day 7 concentration below different pro-
posed cutoff thresholds of 175 ng/ml, 280 ng/ml, and 600 ng/ml associated
with treatment efficacy (24, 40, 41).
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Other statistical analyses. The relation of the outcome variable (treat-
ment failure) and explanatory variables were tested using a t test for con-
tinuous variables (predicted LF day 7 concentration, gestation age, base-
line parasite count, and BMI) and Pearson chi-square test for categorical
variable (pregnancy status, residual antimalarial, and diarrhea). A P value
below 0.05 was considered statistically significant. All the statistical anal-
yses were performed using STATA 12.0 (Stata Corporation, College Sta-
tion, TX, USA).

RESULTS
Demographic and clinical parameters. Thirty-five pregnant
women and 22 nonpregnant women with acute Plasmodium fal-
ciparum malaria were enrolled in the study from 23 April to 5
September 2012. Two of the enrolled pregnant women were with-
drawn from the study on days 2 and 7 because they refused to
continue participating in the study. Two (9.1%) nonpregnant
women were lost for follow-up at day 42. None of the pregnant
women was lost for follow-up. The baseline characteristics of
pregnant and nonpregnant women are presented in Table 1. Two
pregnant women presented with diarrhea on the day of enroll-
ment in the study and throughout the course of treatment. None
of the study participants vomited the drug. All participants had
normal physical condition on examination with no history of a
chronic disease or smoking. Twenty-six women (14 pregnant
women and 12 nonpregnant women) reported taking paraceta-
mol before enrollment. The median gestational age for pregnant
women was 27 (range, 14 to 37) weeks with relatively equal num-
bers of women in the second and third trimesters of pregnancy.
No participant during the study period had a miscarriage or still-
birth or severe adverse drug reaction.

Residual antimalarial. Blood samples from all 57 recruited
participants in the study were screened to determine the presence
of any antimalarial drugs prior to initiation of malaria treatment.
Fifty-five (96.5%) had at least one antimalarial in their plasma:
89.5% (29 pregnant women and 22 nonpregnant women) of par-
ticipants had plasma LF above the LOQ, but the drug concentra-
tion was generally low, with an average value of 37.3 ng/ml. Other
antimalarial drugs that were detected were DLF in 8 patients
(14.0%), AM in 4 patients (7%), sulfadoxine in 14 patients
(24.6%), pyrimethamine in 11 patients (19.3%), and quinine in 1

patient (1.8%). Summarized statistics are shown in Table 2. Out of
14 participants detected with sulfadoxine, 13 were pregnant with a
median baseline parasitemia of 72,086 (range, 3,920 to 198,080)
counts/�l (Fig. 1). Sulfadoxine concentration persisted at rela-
tively constant concentration throughout the first 7 days of mon-
itoring plasma drug levels.

Population pharmacokinetic analysis. A total of 265 LF, 263
DLF, 146 AM, and 98 DHA concentrations in plasma were in-
cluded in the analysis. Twenty-five percent (n � 37) AM, 7% (n �
7) DHA, and 2% (n � 4) DLF concentrations were below the
respective LOQs. The median (range) numbers of samples avail-
able per study subject were 5 (4 to 5) for LF, 4 (3 to 5) for DLF, 3 (1
to 5) for AM, and 2 (1 to 4) for DHA.

Artemether. AM and DHA pharmacokinetics were best de-
scribed using a one-compartment model with first-order absorp-
tion from the gastrointestinal tract and linear metabolism to
DHA, including presystemic conversion into the metabolite.
Elimination of both compounds was modeled using a first-order
process. The few basal AM concentrations did not allow estima-
tion of a residual dose from previous treatments. Inclusion of
interpatient variability of Vc, CLmet, K23, or F1 in addition to AM
CL did not improve description of the data (�OFV � �1.9; P �
0.17). A mixed-error model best described residual intrapatient
variability for AM and a proportional one for DHA. No correla-
tions between the drug and metabolite concentrations could be
identified. Structural model shrinkages lower than 15% were
found for all the inter- and intraindividual variability. Our results
show that 21% of the AM dose is converted presystemically into

TABLE 1 Characteristics of study participants with P. falciparum
malaria on the day of enrollment in the study

Characteristic

Value for characteristica for:

Pregnant women
(n � 33)

Nonpregnant women
(n � 22)

Age (yr) 25 (18–41) 21.5 (18–35)
Body wt (kg) 52 (40–80) 48.5 (41–79)
Ht (cm) 158 (147–169) 157 (150–174)
BMI 21.8 (16.5–30.1) 20.3 (16.4–33.3)
Hemoglobin (g/dl) 10.2 (7.1–13.3) 13.4 (8–15.5)
Temp (°C) 37.1 (36.0–39) 37.2 (36.0–39.6)
Parasitemia (counts/�l) 25,280 (560–198,080) 22,280 (560–195,680)
Gestational age (wk) 27 (14–37) NA

Pregnancy
Second trimester 17 (52) NA
Third trimester 16 (48) NA

a Most values are medians with the ranges in parentheses. For pregnancy, the values the
numbers of women with the percentages in parentheses. NA, not applicable.

TABLE 2 Concentrations of residual antimalarial drugs in plasma
detected prior to treatment with AL in 57 recruited study patients

Antimalarial

No. of
patients
(%)

Antimalarial drug concn in plasma (ng/ml)

Mean Median Minimum Maximum

Lumefantrine 51 (89.5) 37.3 24.9 5.4 205.5
Desbutyl-

lumefantrine
8 (14.0) 2.5 1.5 0.3 6

Artemether 4 (7) 26.4 2.9 0.4 157.3
Sulfadoxine 14 (24.6) 1,334.3 1,298.1 5.3 3,615.6
Pyrimethamine 11 (19.6) 6.9 5.3 1.7 18
Quinine 1 (1.8) 12.3 12.3 12.3 12.3

FIG 1 Relationship between parasite density at enrollment in this study and
residual levels of sulfadoxine in plasma before treatment in 14 pregnant
women.
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DHA. None of the available covariates significantly affected
AM or DHA pharmacokinetics (�OFV � 3.0; P � 0.08). Al-
though nonsignificant, an increase of 37% in drug CL in preg-
nant women compared to nonpregnant ones was observed
however (�OFV � �1 and P � 0.32). The final model param-
eter estimates and bootstrap evaluations are given in Table 3.
The model was considered reliable, since the parameter esti-
mates obtained lay within the bootstrap CI95%. VPC graphs of
AM and DHA are shown in Fig. 2A.

Lumefantrine. A one-compartment model with first-order
absorption and elimination was retained to depict LF data. A two-
compartment model did not improve the model fit (�OFV �
�0.1 and P � 0.75). The average dose from previous treatment
(F0) was estimated to be 3.2 mg with a large interindividual vari-
ability (�OFV � �40 and P � 2.5 � 10�10). In addition to CL,
interpatient variability on Vc (�OFV � �23 and P � 1.6 � 10�6)
and a correlation between CL and Vc significantly improved the fit
(�OFV � �117 and P � 2.9 � 10�27). The assignment of inter-
patient variability on LF bioavailability F1 (fixed at 1) accounting
for the correlation between CL and Vc and their variability re-

sulted in additional improvement of the model fit (�OFV � �9.5
and P � 8.7 � 10�3). Metabolite concentrations were included in
the model using a supplementary compartment with linear me-
tabolism from the LF central compartment. The addition of inter-
individual variability on K23 significantly improved the descrip-
tion of the data (�OFV � �41 and P � 1.5 � 10�10), while no
enhancement was observed when assigning variability on CLmet

(�OFV � �0.02 and P � 0.89). Residual intrapatient variability
was best described using a proportional and mixed-error model
for LF and DLF, respectively. The model was improved further by
including a correlation between drug and metabolite concentra-
tions (�OFV � �85 and P � 3.0 � 10�20). Structural model
shrinkages for the inter- and intraindividual variability were all
estimated to be lower than 15%.

In univariable analyses, pregnancy and diarrhea were identi-
fied as significant covariates for both F1 (�OFV � �5.1 and P �
0.024 and �OFV � �15 and P � 1.1 � 10�4, respectively) and K23

(�OFV � �13 and P � 3.1 � 10�4 and �OFV � �4 and P �
0.045, respectively). None of the remaining covariates influenced
LF and DLF pharmacokinetics (�OFV � �1.4 and P � 0.24).

TABLE 3 Final population parameter estimates of artemether and lumefantrine, and their metabolites and their bootstrap evaluations in 2,000
replicates

Antimalarial drug and
parametera

Population pharmacokinetics analysis Bootstrap evaluation

Estimate �i SEb (%) IIVc (%) SEd (%) Estimate CI95%
e IIV (%) CI95%

Artemether
CL (liter/h) 98 24 99 65 102 69 to 140 93 66 to 120
Vc (liter) 373 16 354 225 to 492
Logit F1 1.4 27 1.5 0.7 to 2.6
Ka (h�1) Fixed at 0.70
VM (liter) Fixed to Vc

K23 (h�1) 0.084 0.088 0.05 to 0.16
CLmet (liter/h) 71 46 69 38 to 136

prop,AM (CV%) 72 26 69 49 to 87

add,AM (�mol/liter) 0.13 7 0.13 0.03 to 0.20

prop,DHA (CV%) 53 14 51 44 to 59

Lumefantrine
CL (liter/h) 2.8 12 2.8 2.2 to 3.6
Vc (liter) 134 14 134 101 to 174
F1 Fixed at 1 65 50 61 43 to 77
�PregF1 �0.33 37 �0.31 �0.52 to �0.05
�diarrF1 �0.84 15 �0.78 �0.95 to �0.44
Ka (h�1) Fixed to 0.54
VM (liter) Fixed to Vc

F0 (mg) 2.7 18 87 46 2.95 1.9 to 4.4 116 70 to 164
K23 (h�1) 1.6 � 10�4 46 54 1.6 � 10�4 (1.2 to 2.0) � 10�4 44 31 to 57
�PregK23 0.80 32 0.80 0.4 to 1.3
CLmet (liter/h) 2.6 15 2.6 1.9 to 3.5

prop,LF (CV%) 51 32c 51 45 to 56

prop,DLF (CV%) 39 40c 38 32 to 44
Correlation LF/DLF 68 18 67 63 to 69

add,DLF (�mol/liter) 4.4 � 10�3 17c 4.9 � 10�3 (3.8 to 6.1) � 10�3

a Abbreviations: CL, clearance; Vc, central volume of distribution; logit F1, F1 expressed as a logit function; ka, first-order absorption rate constant; VM, volume of distribution of the
metabolite; F0, residual amount from the previous treatment; K23, metabolism rate constant; CLmet, metabolite clearance; 
prop, exponential residual error for the drug; 
add,
additive residual error for the drug; CV, coefficient of variation; �X PAR, effect of the X covariate (pregnancy [Preg] or diarrhea [diarr]) on the parameter PAR expressed as 1 �
�XPARX.
b Standard error (SE) of the estimate �i defined as SE estimate/estimate, expressed as a percentage.
c IIv, interindividual variability.
d Standard error (SE) of the coefficient of variation or the additive component of the residual error defined as the square root of the SE estimate/estimate ratio, expressed as a
percentage.
e CI95%, 95% confidence interval.
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Multivariable combination of the significant covariates showed an
additive influence of pregnancy and diarrhea on F1 and pregnancy
on K23 (�OFV � �33 and P � 3.2 � 10�7 with respect to the
model without covariates). Our results show that the relative bio-
availability is 34% lower and the metabolism rate is 78% higher in
pregnant women than in nonpregnant women. A decrease of 83%
in F1 was observed in women with diarrhea compared to those
who had no diarrhea. Table 3 contains the final model parameter
estimates together with their bootstrap evaluations. The model
was considered reliable, since the parameter estimates obtained
lay within the bootstrap CI95%. Figure 2B shows the concentra-
tion-time plots of LF and DLF for pregnant and nonpregnant
women included in the analysis with average population predic-
tions and 95% intervals.

Concentration-time simulation of lumefantrine. The day 7
predicted median concentrations of LF after administration of a
6-dose regimen over 3 days were 908 (PI95%, 217 to 3,256) ng/ml
for pregnant women and 1,382 (PI95%, 386 to 5,135) ng/ml for
nonpregnant women (P � 0.10). While considering the large in-
terpatient variability in the kinetics of LF, 3% of the pregnant
women would have day 7 concentrations below the cutoff value of
175 ng/ml, 9% below 280 ng/ml, and 31% below 600 ng/ml. For
nonpregnant women, 1% would exhibit day 7 concentrations be-

low the cutoff value of 170 ng/ml, 2% below 280 ng/ml, and 15%
below 600 ng/ml. Prolonging the time of drug administration over
5 days among pregnant women would provide median concentra-
tions of 1,374 (PI95%, 367 to 5,536) ng/ml, with 0.1%, 2%, and
16% of patients with concentrations below the cutoff value of 175
ng/ml, 280 ng/ml, and 600 ng/ml, respectively (Fig. 3).

Pharmacodynamics. There were a total of seven therapeutic
failures in the study, six (18.2%) pregnant women and one (4.5%)
nonpregnant woman (OR � 4.04; P � 0.22). Among pregnant
women, one developed early treatment failure (ETF) on day 1. She
presented with signs and symptoms suggestive of severe malaria,
was admitted, and kept on full doses of intravenous quinine. One
pregnant woman had late clinical failure (LCF), presented with
fever (body temperature of 38.7°C) on day 20, and was confirmed
to have parasitemia of 10,750 counts/�l (blood slide). The re-
maining four pregnant women had late parasitological failure
(LPF), one on day 28 and three on day 42. One nonpregnant
woman had LPF on day 28. Hence, the overall PCR uncorrected
efficacy of AL in the study was 87%, 82% in pregnant women
(6/33) and 95% in nonpregnant women (1/22). PCR investigation
confirmed recrudescent infection in two women, one with ETF
and the other with LCF, both pregnant; the remaining five women
(71%) had new infections.

FIG 2 (A) Observed artemether (AM) (left panel) and dihydroartemisinin (DHA) (right panel) concentrations in plasma. Filled and empty circles represent
pregnant and nonpregnant women, respectively. The solid line represents the average predicted concentrations, and the dashed lines show the 95th prediction
interval. (B) Observed plasma lumefantrine (LF) (top panels) and debutyl-lumefantrine (DLF) (bottom panels) concentrations in pregnant and nonpregnant
women. Triangles show residual plasma LF and DLF concentrations found prior to treatment initiation. The solid lines represent the mean population
prediction, and the dashed lines show PI95%.
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Analysis of day 7 LF concentration was done irrespective of the
nature of the failure (new infection or recrudescence). The mean
day 7 plasma LF concentrations were 971 (726 to 1,216) ng/ml in
pregnant women and 1,261 (999 to 1,522) ng/ml in nonpregnant
women (P � 0.109) (Fig. 4A). Day 7 LF concentration was signif-
icantly lower among women with therapeutic failure than those
with adequate clinical and parasitological response (ACPR). The
mean LF concentration among women with ACPR was 1,154 (967
to 1,341) ng/ml, whereas for the women with LCF and LPF, it was
507 (95 to 919) ng/ml (P � 0.029) (Fig. 4B). Twenty percent of
study participants had day 7 LF concentrations below 600 ng/ml.
Only two patients (33%) out of six patients who developed LCF
and LPF had day 7 LF concentrations below 600 ng/ml, and all
were pregnant. Potential predictors of treatment failure in addi-
tion to day 7 LF concentration were pregnancy status, gestational
age, baseline parasite count, residual antimalarial, and BMI, and
none was statistically significant.

DISCUSSION

This study describes the pharmacokinetic properties of AM and
LF and their active metabolites, DHA and DLF, in pregnant and
nonpregnant women with malaria. The roles of different covari-
ates that could influence AL bioavailability, distribution, and
clearance in the two groups were carefully analyzed. This study
differs from previous reports of population pharmacokinetics of
AM and LF during pregnancy (16, 18, 19) by having a comparative
group of nonpregnant women with malaria from the same popu-
lation with relatively similar characteristics.

Prior treatment. Detectable residual antimalarial levels in re-
cruited participants were unexpectedly high. This might be ex-
plained by uncontrolled prescription of AL, a first-line malaria
treatment, which is highly available and easily accessible from
both private and public facilities (42, 43). The prevalence of resid-
ual antimalarial among participants was higher than what was
found 5 years ago from in vivo studies in Ifakara (Tanzania) and
Praeh Vihear (Cambodia), which reported 74.3% and 50%, re-
spectively (28, 29). Such high prevalence of residual antimalarial
levels in this population, particularly LF, is alarming, because it
can promote emergence and spread of drug-resistant parasites.

Also, the high residual prevalence of LF, irrespective of pregnancy
trimester suggests a considerable exposure to AL in the first tri-
mester. There is an urgent need to monitor closely the implemen-
tation of standard malaria treatment guidelines and discourage
self-treatment by not acquiring antimalarial from drug vendors
without medical attention and being screened for the presence of
malaria parasitemia. Significant levels of sulfadoxine detected in
pregnant women were probably the result of SP received from the
RCH clinic for Intermittent Preventive Treatment (IPTp).

Pharmacokinetics. LF pharmacokinetics is known to exhibit a
multicompartment disposition. The short sampling duration in
the present study, however, prevented an appropriate character-
ization of the complete disposition of the drug. A simple one-
compartment model was thus employed to describe LF concen-
tration-time profile. The important study finding was the lower
plasma LF concentration in pregnant patients compared to non-
pregnant ones. This is similar to what has been observed in a
Thailand study in which the concentration of LF was approxi-

FIG 3 Predicted median concentration of lumefantrine after administration
of six 480-mg doses over 3 (continuous line) and 5 days (dotted line) in preg-
nant women. The median predicted concentrations on day 7 (168 h) (circles)
with their PI95% are shown for the two dosage regimens.

FIG 4 (A) Day 7 concentration of lumefantrine in plasma in pregnant (n �
32) and nonpregnant (n � 22) women. (B) Day 7 plasma lumefantrine con-
centration in women with ACPR (n � 48) and women with treatment failure
(n � 6). The day 7 lumefantrine concentration could not be assessed in one
woman with treatment failure, since a rescue treatment with quinine was given
on day 1 because of early treatment failure.

PK of Arthemether-Lumefantrine during Pregnancy

August 2014 Volume 58 Number 8 aac.asm.org 4589

 on A
ugust 31, 2020 by guest

http://aac.asm
.org/

D
ow

nloaded from
 

http://aac.asm.org
http://aac.asm.org/


mately half that of nonpregnant patients from historical data in
the same population (16). The reason for the low LF concentra-
tion may be due to physiological changes related to pregnancy
which accounts for reduced absorption, expanded volume of dis-
tribution, and elevated drug metabolism and clearance rate (6).
The observed increase in LF metabolism rate in pregnant women
is explained by hormonal changes in pregnancy which increase
catalytic activity of hepatic enzymes such as CYP3A4, an impor-
tant enzyme for LF metabolism (11). The design of the study did
not allow displaying the effect of reduced absorption on LF bio-
availability.

An altered bowel condition, such as having diarrhea, during
malaria treatment has a significant effect on drug absorption and
consequently lowers drug bioavailability. Increase in gastrointes-
tinal motility due to diarrhea reduces intestinal transit time of a
drug, and this time is important to maximize drug absorption
(44). The latter explains why LF concentration, a high lipophilic
compound, was 83% lower in women with diarrhea than in
women without diarrhea. It is therefore important to assess for the
presence of diarrhea in patients and correct dosage regimens ac-
cordingly.

It is important to study the concentrations of a slowly elimi-
nated partner antimalarial drug such as LF so as to determine the
minimum parasiticidal concentration (MPC) and MIC of malaria
parasite (20). The observed day 7 median concentration of LF was
lower in pregnant women than in nonpregnant women. However,
the concentration in pregnant women was 2-fold higher than
what had been observed in pregnant Thai patients (19). It is also
higher than the concentrations previously reported in nonpreg-
nant adults and pediatric patients in Tanzania Ifakara), Thailand,
Cambodia, and the Lao People’s Democratic Republic (22, 24, 45,
46). Higher day 7 LF levels in the present study may be due to the
administration of a standard recommended adult dose of AL with
food (5) to all patients regardless of the patient’s body weight.

The observed higher AM clearance in pregnant women as op-
posed to nonpregnant women, although not statistically signifi-
cant, could explain the differences in the therapeutic outcome.
Little has been done on AM bioassay in relation to its specific role
on therapeutic efficacy in pregnancy as opposed to LF. AM can
better explain ETF, therefore, further studies with detailed assess-
ment of AM pharmacokinetics should be done, despite its shorter
half-life.

The simulations under the standard schedule of 6 doses of AL
over 3 days show that a nonnegligible number of pregnant women
would have LF concentrations below various proposed therapeu-
tic threshold targets on day 7. Splitting the same recommended
total dose over a 5-day regimen would greatly improve the prob-
ability of exhibiting therapeutic drug concentrations. The latter
has already been shown in other pharmacokinetics studies (22, 23,
47), but the benefit might be jeopardized by poor adherence to
treatment in the prolonged regimen. Hence, a formal assessment
of feasibility should be performed.

Pharmacodynamics. The observed cure rate and parasite
clearance in pregnant women were lower than those of nonpreg-
nant women despite having the same median baseline para-
sitemia. The observed lower LF concentration on day 7 in the
patients with therapeutic failure could be one of the reasons ex-
plaining this difference. In order to improve therapeutic efficacy,
it is therefore important to consider increasing the dose or mod-
ifying the treatment regimen to allow higher day 7 LF concentra-

tions. Day 7 LF concentration above 600 ng/dl was associated with
100% efficacy in pregnant patients in Thailand (40). The latter was
not observed in our study; indeed, 3 out of the 5 (60%) pregnant
women with LCF or LTF had day 7 LF concentration above 600
ng/ml. This observation suggests that the proposed 600-ng/dl cut-
off value better predicts parasite clearance of ongoing infection,
rather than occurrence of new infection in the follow-up period. A
600-ng/dl LF concentration at day 7 is not high enough to ensure
posttreatment prophylaxis effect up to day 42. Indeed, reinfec-
tions were not all prevented with a day 7 LF concentration of 600
ng/ml. Partner drugs with longer half-lives might offer better pro-
tection (20).

Baseline parasitemia was not an important factor determining
the therapeutic response in study participants. Indeed, the mean
baseline parasite count in patients with ACPR was 2-fold higher
than in the patients with therapeutic failure. This is contrary to
what has been reported in previous studies involving pregnant
and nonpregnant patients in which patients with higher baseline
parasitemia were more likely to fail treatment (40, 47). However,
baseline peripheral parasitemia in pregnant women usually does
not tell much about the actual picture of parasite level that a preg-
nant woman might have because of parasite sequestration in the
placenta (48).

The therapeutic failure rate in pregnant women in our study
was much lower than that observed in Thailand in recent AL phar-
macodynamics studies where the therapeutic failure in pregnant
patients was more than 30% (19, 40). We have reason to believe
that AL is more efficacious in Africa than in Southeast Asia where
resistance to other antimalarial drugs, such as quinine, meflo-
quine, and artesunate, has increased (14, 49).

Conclusion. The current AL treatment regimen in pregnancy
is challenged by having low posttreatment prophylactic effect.
Pregnancy is an important factor associated with low plasma LF
concentration, probably due to reduced drug absorption, elevated
drug metabolism, and rapid clearance rate. It is therefore impor-
tant to evaluate new treatment regimens of AL in this vulnerable
group that would target higher day 7 LF concentration levels.
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