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AIM
Drug–drug interactions between antimalarial and antiretroviral drugs may influence
antimalarial treatment outcomes. The aim of this study was to investigate the potential
drug–drug interactions between the antimalarial drugs, lumefantrine, artemether and their
respective metabolites desbutyl-lumefantrine and dihydroartemisinin, and the HIV drugs
efavirenz, nevirapine and lopinavir/ritonavir.

METHOD
Data from two clinical studies, investigating the influence of the HIV drugs efavirenz,
nevirapine and lopinavir/ritonavir on the pharmacokinetics of the antimalarial drugs
lumefantrine, artemether and their respective metabolites, in HIV infected patients were
pooled and analyzed using a non-linear mixed effects modelling approach.

RESULTS
Efavirenz and nevirapine significantly decreased the terminal exposure to lumefantrine
(decrease of 69.9% and 25.2%, respectively) while lopinavir/ritonavir substantially increased
the exposure (increase of 439%). All antiretroviral drugs decreased the total exposure to
dihydroartemisinin (decrease of 71.7%, 41.3% and 59.7% for efavirenz, nevirapine and
ritonavir/lopinavir, respectively). Simulations suggest that a substantially increased
artemether-lumefantrine dose is required to achieve equivalent exposures when
co-administered with efavirenz (250% increase) and nevirapine (75% increase). When
co-administered with lopinavir/ritonavir it is unclear if the increased lumefantrine exposure
compensates adequately for the reduced dihydroartemisinin exposure and thus whether
dose adjustment is required.

CONCLUSION
There are substantial drug interactions between artemether-lumefantrine and efavirenz,
nevirapine and ritonavir/lopinavir. Given the readily saturable absorption of lumefantrine,
the dose adjustments predicted to be necessary will need to be evaluated prospectively in
malaria-HIV co-infected patients.

WHAT IS ALREADY KNOWN ABOUT
THIS SUBJECT
• The pharmacokinetic properties of artemether,

lumefantrine and their active metabolites have been
well described.

• Lumefantrine exhibits dose dependent absorption,
which might result in additional complexity in dose
optimization.

• It is known that an interaction between
artemether-lumefantrine and efavirenz, nevirapine and
lopinavir/ritonavir exists but the magnitude and thus
clinical relevance of the interaction has been uncertain.

WHAT THIS STUDY ADDS
• The pharmacokinetics of the parent antimalarial drugs

and their metabolites are affected substantially by
concomitant treatment with HIV drugs. These
interactions are likely to be therapeutically relevant.

• The study quantifies the individual contributions of the
different drug–drug interactions.

• Increased dosing of artemether-lumefantrine is needed
when combined with efavirenz or nevirapine. Whether
dose adjustments are needed when combined with
lopinavir/ritonavir remains uncertain.
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Introduction

Malaria and human immunodeficiency virus (HIV) are
amongst the most widespread and important infectious
diseases in humans. In 2012, there were approximately 207
million cases of malaria according to World Health Organi-
zation estimates resulting in 627 000 deaths [1]. In 2011, 34
million people were estimated to be infected with HIV [2].
HIV infection increases the risk of symptomatic and severe
malaria and compounds the adverse effects of malaria in
pregnancy [3, 4]. Because of the geographical overlap, par-
ticularly in Africa, antimalarials and antiretroviral drugs are
commonly taken together. The most widely used treat-
ment for falciparum malaria is the artemisinin-based com-
bination treatment artemether-lumefantrine, given on six
dosing occasions over 3 days (four tablets at each occasion
in the adult dose). Artemether is a rapidly acting drug with
a terminal half-life of 1.5–2.0 h [5–8]. It is metabolized
rapidly into its active metabolite dihydroartemisinin,
which has a half-life of 0.8–2.1 h [5–7]. The cytochrome
P450 (CYP) enzymes CYP2B6, CYP3A4/5, CYP2C9 and
CYP2C19 are responsible for demethylation of artemether
with a small contribution from CYP2A6 [9, 10]. Dihydroar-
temisinin is then converted to inactive metabolites
by glucuronidation via uridine diphosphoglucurosyl-
transferase (UGT) A1, UGT1A9 and UGT2B7 [11]. There is
significant enzymatic auto-induction of artemether
demethylation in the course of a standard 3 day treatment
[12].

Lumefantrine has an elimination half-life of 2–4 days
and is responsible for eliminating the residual parasites
that remain in the blood after the 3 day course of
artemether, thereby preventing recrudescence [13, 14].
Lumefantrine is metabolized mainly by CYP3A4 into its
active metabolite desbutyl-lumefantrine [15]. Desbutyl-
lumefantrine exhibits an antimalarial effect [16], but the
systemic exposure to lumefantrine is 85- to 300-fold
higher than to its metabolite. The parent drug is therefore
responsible for most of the clinical antimalarial activity
[17, 18]. Lumefantrine absorption is increased by co-
administration with fats and exhibits dose-dependent
absorption kinetics with decreasing oral absorption with
increasing doses [13].

HIV infection is most commonly treated with a combi-
nation of two nucleoside reverse transcriptase inhibitors
and either a protease inhibitor, a non-nucleoside reverse
transcriptase inhibitor or an integrase inhibitor. The first
line non-nucleoside reverse transcriptase inhibitors in
most low to middle income countries are efavirenz and
nevirapine. Efavirenz and nevirapine induce CYP3A4 and
CYP2B6 [19–21]. Studies on the effects of nevirapine
and efavirenz on the activity of P-glycoprotein provide
contradictory conclusions [22–26]. Lopinavir is a protease
inhibitor, co-formulated with the protease (and CYP3A4)
inhibitor ritonavir. When co-administered, lopinavir and
ritonavir inhibit CYP 3A4 and UGTs 1A1, 1A3, 1A4, 1A6, 1A9

and 2B7. In contrast lopinavir and ritonavir induce CYPs
1A2, 2B6, 2C9 and 2C19 [19, 27, 28]. In vitro studies suggest
that lopinavir may have a direct antimalarial effect
although results from clinical studies do not provide con-
sistent findings [29–31].

Interactions between HIV and antimalarial drugs could
affect the efficacy of antimalarial treatment. Underexpo-
sure would increase treatment failure rates and thereby
increase the risk of antimalarial drug resistance whereas
overexposure could result in toxicity. Several studies
have identified an interaction between artemether-
lumefantrine and efavirenz, nevirapine and lopinavir/
ritonavir [31–36].

The aim of the present study was to characterize
the pharmacokinetic properties of the antimalarial
drugs artemether/dihydroartemisinin and lumefantrine/
desbutyl-lumefantrine when administered alone and
in combination with efavirenz, nevirapine or lopinavir/
ritonavir in HIV-infected individuals without malaria and
where appropriate suggest new treatment regimens for
these drugs when used concomitantly.

Methods

Clinical studies
The two clinical studies were conducted at Mulago
National Referral Hospital in Kampala, Uganda. Details
of both clinical studies are described in detail elsewhere
[35, 36].

Study 1 Study 1 was a parallel group study in HIV-infected
patients. Inclusion criteria were age >18 years, informed
written consent and a confirmed HIV diagnosis. Exclusion
criteria were anaemia (haemoglobin levels below 8 g dl–1),
viral loads above 400 counts ml−1, malaria parasitaemia,
abnormal liver or renal function, pregnancy, the use of
substances which inhibit or induce CYP enzymes or
P-glycoprotein, use of herbal medicines, prolonged QT
interval, or any intercurrent illness. Ethics approval was
received from the Uganda National HIV/AIDS Research
Committee (ARC 056) and the Uganda National Council of
Science and Technology (HS 195) and the study was reg-
istered with ClinicalTrials.gov (NCT 00619944).

Study 2 Study 2 was a three period, crossover study in
HIV-infected patients. Inclusion and exclusion criteria were
the same as for study 1 (i.e. age >18 years, informed written
consent and a confirmed HIV diagnosis) except that there
were no restrictions based on viral load, and patients
with hypersensitivity to artemisinins, lumefantrine or
halofantrine or any history of cardiac disease were
excluded from the study. Ethics approval was received
from the Uganda National HIV/AIDS Research Committee
(ARC 059) and from the Uganda National Council of
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Science and Technology (HS 196). The study was regis-
tered at ClinicalTrials.gov (NCT00620438).

Treatment and sampling
Study 1 Patients in the first arm were treated with 400/
100 mg of lopinavir/ritonavir (Aluvia®, Abbott Laborato-
ries, Abbott Park, Illinois, USA) and two nucleoside reverse
transcriptase inhibitors (zidovudine and didanosine or
tenofovir and emtricitabine, regional non-controlled pro-
curement). The drugs were taken twice daily for at least 1
month before the start of the study. Patients in the second
arm had not yet started their HIV therapy. At the initiation
of the study all patients received a single dose of 80 mg
artemether and 480 mg lumefantrine (four tablets)
(Coartem®, Novartis Pharma AG, Basel, Switzerland; Batch
number: F0660). Venous plasma samples were drawn at 1,
2, 4, 6, 8, 12, 24, 48 and 72 h post-dose.

Study 2 At the start of the study, all patients received a
standard treatment of artemether and lumefantrine (80/
480 mg twice daily for 3 days; Coartem®). Plasma samples
were collected after the last dose at 1, 2, 4, 8, 12, 24, 48,
72, 96 and 120 h post-dosing. After 1 week of wash-out,
patients started HIV treatment with either nevirapine
(200 mg) or efavirenz (600 mg) combined with the
nucleoside reverse transcriptase inhibitors zidovudine and
lamivudine. Patients received HIV treatment alone for 1
month and then were given a standard six dose treatment
of artemether and lumefantrine concomitantly. Plasma
samples were again collected after the last artemether-
lumefantrine dose.

All samples from the two studies were stored at −70°C
until drug quantification.

Drug analysis
Artemether/dihydroartemisinin and lumefantrine were
quantified in plasma samples according to previously
published methods [37, 38]. Artemether and dihydro-
artemisinin were measured using solid phase extraction
and liquid chromatography coupled with tandem mass
spectrometric detection. The total coefficient of variation
(%CV) was less than 6% and the lower limit of quantifica-
tion was set to 1.4 ng ml−1. Lumefantrine was measured
using solid phase extraction followed by liquid chroma-
tography with ultraviolet detection. The total coefficient of
variation was below 6% and the lower limit of quantifica-
tion was set to 25 ng ml−1.

Desbutyl-lumefantrine was measured using liquid
chromatography (Model 1200 system, Agilent Technolo-
gies) coupled with tandem mass spectrometric detection
(API5000 triple-quadrupole system, AB Sciex). Desbutyl-
lumefantrine and its analogue internal standard
(C28H28CL3NO [39]) were extracted from plasma samples
(100 μl) by protein precipitation followed by phospholipid
removal (Hybrid SPE-Precipitation 96-wellplate, 575656-U,
Supelco). Chromatographic separation was performed on

a Halo Amide reversed C18 column (50 mm × 2.1 mm, i.d.
2.7 μm, 92812-407, Advanced Materials Technology) pro-
tected by a Halo Amide guard column (5 mm × 2.1 mm, i.d.
2.7 μm, 92812-107). A gradient program was used consist-
ing of a mobile phase of (A) acetonitrile-ammonium
acetate 2.5 mM pH 3.5 (30–70, v/v) and (B) acetonitrile-
ammonium acetate 10 mM pH 3.5 (80–20, v/v); 0–2 min
100% B, 2.1–2.9 min 100% A, 3–5.4 min 100% B, at a flow
rate of 0.5 ml min−1. Quantification was performed using
electrospray ionization in the positive mode and multiple
reaction monitoring for the transitions m/z 472.1–346.1
and 537.2–346.1 for desbutyl-lumefantrine and its internal
standard, respectively. The bioanalytical assay was vali-
dated to cover the therapeutic range of 1.00 ng ml−1 to
769 ng ml−1. A quadratic regression with 1/x2 weighting
was used for quantification. The method was validated
according to FDA guidelines [40] and showed a high accu-
racy of 96.1–102% at all quality control concentrations (i.e.
2.86, 40.6 and 577 ng ml−1). The within-day and between-
day precision (%CV) were 1.25–5.82% at all quality control
levels, with an absolute recovery of approximately
70–80%. Validation of over-curve samples ensured accu-
racy and precision when diluting samples outside the cali-
bration range. The method did not show any signs of
severe ion suppression/enhancement. The lower limit of
quantification was set to 1.0 ng ml−1.

Pharmacokinetic analysis
Modelling and simulations were performed in NONMEM

v7.12 (Icon Development Solutions, Ellicott City, Maryland,
USA). Model discrimination was based on the objective
function value (OFV) which is proportional to −2 times the
log-likelihood of the data [41]. A drop of at least 3.84 or
6.64 was deemed significant with significance levels of
0.05 and 0.01, respectively, when adding one parameter in
a nested model. Pirana v2.6.0 was used to document the
modelling process [42]. R v2.14.2 (the R Foundation for
Statistical Computing, Vienna, Austria) and the package
Xpose v4.3.5 [43] was used to perform model diagnostics.
Perl-speaks-NONMEM v3.5.3 was used for automation
throughout the modelling process [44]. Data below
the limit of quantification were initially omitted or mod-
elled as categorical data (M3-method), if necessary [45].
Simulation-based diagnostics (i.e. fraction of simulated
and observed data below the limit of quantification) were
used to evaluate the impact of omitting such data.

All concentrations were converted into their natural
logarithms. Parent drug and metabolite concentrations
were fitted simultaneously. Both artemether and lume-
fantrine were assumed to be fully converted into their
respective metabolite. One, two and three compartment
disposition models were evaluated. An additive residual
error on log-transformed data (essentially equivalent to an
exponential error on normal scale data) was used.

Different absorption models were tested, including
first-order absorption, first order absorption with lag time,
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zero order absorption, sequential zero and first order
absorption, and a transit compartment absorption model
with 1–10 fixed transit compartments [46].

Enzymatic auto-induction of artemether metabolism
was evaluated using a sub-set of data in which artemether-
lumefantrine was administered alone over 1 or 3 days.
Auto-induction was modelled using a maturation-model
with a maturation half-life fixed to a mean of literature
values (i.e. 62 h) [47] and the maximum maturation were
assumed to be 100%.

Between subject variability was added exponentially to
each parameter. Box–Cox transformation of the variability
was also tried to evaluate formally the distribution of the
random effects. A fixed bioavailability of 100% for the
population with an estimated between subject variability
was evaluated.

Concomitant treatment with HIV drugs was added as a
categorical covariate, one for each HIV treatment. The
covariate was added in a stepwise manner with a forward
criterion of P < 0.05 and a backward criterion of P < 0.001.
The covariates were evaluated on the relative bioavail-
ability of lumefantrine and artemether and on elimination
clearance for all investigated drugs. The model was there-
after tested for additional covariates and HIV drug effects
using the stepwise approach. The investigated covariates
were body weight, body mass index, age, which study and
gender.

Model diagnostics were performed using goodness-of-
fit plots and visual predictive checks (prediction corrected;
2000 simulations) [48]. The final model was bootstrapped
(n = 1000) to calculate relative standard errors (RSEs) of
model parameters and non-parametric confidence inter-
vals around these estimates. η and ε shrinkage were cal-
culated in NONMEM.

Stochastic simulations (1000 simulations) were
performed using the final models for artemether/dihy-
droartemisinin and lumefantrine/desbutyl-lumefantrine
to investigate the putative drug exposure for new anti-
malarial dosing regimens when co-administered with
HIV drugs. Dihydroartemisinin is more potent than lume-
fantrine and kills the majority of the parasite bio-mass but
is rapidly eliminated from the body (terminal half-life of
1–2 h). Lumefantrine has a longer terminal half-life of 3.3
days and kills the residual parasites that remain in the
blood after dihydroartemisinin has been eliminated from
the body (i.e. beyond 72 h after the first dose), and this
prevents recrudescent malaria. Exposures to lumefantrine
(area under the concentration–time curve from 72 h to
infinity) and dihydroartemisinin (0 h to infinity) were there-
fore considered the main endpoints for dose optimization
simulations. Day 7 concentrations of lumefantrine were
also evaluated since this endpoint is commonly measured
and reported in the literature. Exposures were simulated
when artemether-lumefantrine was administered alone,
when administrated together with the antiretroviral drugs
and after an increased dose regimen together with the

antiretroviral treatment (based on whole tablet altera-
tions). Dose limited absorption of lumefantrine was taken
into consideration by assuming that the exposure only
increased 70% for a 100% dose increase [13].

Results

A total of 89 HIV-infected adult patients without malaria
were recruited to two studies. The first (study 1, n = 31) was
a parallel group study, the second (study 2, n = 58) was a
crossover study [35, 36].

The treatments were well tolerated in both studies.
Demographic data are presented in Table 1.

Lumefantrine and desbutyl-lumefantrine
pharmacokinetics
Data collected in the two clinical studies were pooled and
analyzed simultaneously using non-linear mixed effect
modelling. A total of 1365 densely collected plasma
samples were analyzed for lumefantrine and a sub-set (341
samples, due to a later analysis) for desbutyl-lumefantrine
concentrations. Only 99 (7.3%) of the lumefantrine
samples and 37 (11%) of the desbutyl-lumefantrine
samples had concentrations below the lower limit of quan-
tification (25 ng ml−1 and 1.0 ng ml−1, respectively) and
were therefore omitted. Parent and metabolite kinetics
were included in the same model assuming full conversion
of the parent drug to its metabolite. A two compartment
disposition model was superior to a one compartment
model in describing lumefantrine pharmacokinetics (P <
0.001). A third distribution compartment did not improve
the model fit significantly (P > 0.05). Desbutyl-lumefantrine
pharmacokinetics were described by a one compartment
disposition model. Additional distribution compartments
improved the fit significantly but were highly unstable and
did not minimize successfully. A transit compartment
model with a fixed number of one transit compartment
(ka and ktr assumed to be equal) described the absorption
phase better than all other absorption models. A relative
bioavailability parameter was implemented to allow for

Table 1
Demographic data of study population

Study 1 Study 2
Median (range) Median (range)

Number of patients 31 58
Age (years) 36.5 (24–51) 36 (20–70)

% females 61.3 79.3
Body weight (kg) 64 (45–86) 56 (42–91)

Body mass index (kg m−2) 23.7 (17.0–34.0) 22.3 (17.3–36.5)

Study 1 was a parallel study with two arms. Study 2 was a crossover study with
three phases.
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quantification of the between subject variability in the
absorption of lumefantrine and resulted in a significant
improvement in the model fit (P < 0.001). Box–Cox trans-
formation of pharmacokinetic parameters did not improve
the fit. The implementation of lopinavir/ritonavir, nevir-
apine and efavirenz as categorical covariates significantly
improved the model (P < 0.001). Concomitant administra-
tion of lopinavir/ritonavir decreased the elimination clear-
ance of lumefantrine by 62% and increased clearance of
desbutyl-lumefantrine by 392%. Concomitant administra-
tion of nevirapine lowered the relative bioavailability of
lumefantrine by 25% while concomitant administration of
efavirenz increased elimination clearance of lumefantrine
by 72.6%. No other covariates (i.e. drug interaction effect
on other parameters, study, body weight, body mass
index, gender or age) had any significant effects.

Between subject variability was retained in the esti-
mates of elimination clearance, the mean transit time and
the relative bioavailability of lumefantrine. The goodness-
of-fit plots show a good description of the data (Figure 1).
Parameter estimates were reliable with small RSEs

(Table 2), except for the mean absorption transit time
which displayed a high RSE (106%) as few samples were
collected during the absorption phase. Calculated
η-shrinkages were high for lumefantrine elimination clear-
ance and mean transit time (40% and 47%, respectively)
but the calculated ε-shrinkages were low (4% and 6% for
lumefantrine and desbutyl-lumefantrine, respectively).
Visual predictive checks demonstrated good predictive
performance of the final pharmacokinetic model
(Figure 2).

Artemether and dihydroartemisinin
pharmacokinetics
In total, 934 plasma samples were analyzed for artemether
and dihydroartemisinin concentrations. Of these samples,
277 (30%) and 181 (19%) contained concentrations of
artemether and dihydroartemisinin, respectively, below
the lower limit of quantification (1.4 ng ml−1 for both com-
pounds) and were omitted from the analysis. The M3
method [45] was attempted but unrealistic parameter
estimates were obtained. Simulation-based diagnostics of
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the final model showed no model mis-specification by
omitting data below the limit of quantification (results not
shown).

Artemether and dihydroartemisinin were modelled
simultaneously, assuming full in vivo conversion of
artemether to dihydroartemisinin. Both drugs were
described satisfactorily by one compartment disposition
models. For artemether, a two compartment model
improved the model fit significantly (P < 0.001) but
resulted in unrealistic parameter estimates and a highly
unstable model. For dihydroartemisinin, a two compart-
ment model did not improve the fit significantly (P > 0.05).
A transit compartment model (n = 3) was superior to all
other absorption models (ka and ktr assumed to be equal).
The addition of a relative bioavailability parameter with an
estimated between subject variability improved the fit of
the model significantly (P < 0.001). Box–Cox transforma-
tion of the elimination clearance of artemether improved
the model fit but resulted in low precision of the transfor-
mation factor (RSE = 55%) and decreased precision of the
between subject variability of the elimination clearance of
dihydroartemisinin (RSE = 168%), and was therefore not
retained in the final model.

The model was significantly improved by incorporat-
ing metabolic auto-induction of the demethylation of
artemether on its first pass liver extraction as investigated
in a sub-set of data.

Concomitant administration of lopinavir/ritonavir sig-
nificantly increased the elimination clearance of both
artemether (32.8%) and dihydroartemisinin (143%). Con-
comitant administration of nevirapine decreased the
elimination clearance of dihydroartemisinin by 44% and
concomitant administration of efavirenz and nevirapine
also resulted in a decreased relative bioavailability of
artemether (71% and 66%, respectively). No other
covariates had any significant effects.

Between subject variability was retained in the esti-
mates of elimination clearance of artemether, elimination
clearance of dihydroartemisinin, mean transit time and
relative bioavailability. Goodness-of-fit plots showed an
expected trend of model mis-specification at low concen-
trations due to censoring of data below the limit of quan-
tification (Figure 3). Calculated η-shrinkage for artemether
elimination clearance was high (46%) but calculated
ε-shrinkages were low (7% and 8% for artemether and
dihydroartemisinin, respectively). The parameter esti-
mates were deemed to be reliable with small RSEs
(Table 3). Visual and numerical predictive checks demon-
strated good predictive performance of the final
pharmacokinetic model (Figure 2).

Dose optimization
Efavirenz substantially decreased the exposure to both
lumefantrine and dihydroartemisinin (decrease of 69.9%

Table 2
Parameter estimates describing the population pharmacokinetics of lumefantrine and desbutyl-lumefantrine

Population estimates*
[RSE %†] 95% CI† BSV* [RSE %†] 95% CI† Shrinkage* (%)

Lumefantrine

CL/F (l h−1) 4.77 [5.30] 4.31, 5.30 14.8[50.7] 5.68, 22.7 40.1

Vc/F (l) 68.9 [27.1] 47.4, 117 – – –

Q/F (l h−1) 2.86 [19.4] 1.72, 3.62 – – –

VP/F (l) 111 [9.14] 93.9, 132 – – –
Number of trans comp 1 FIX – – – –

MTT (h) 6.27 [21.2] 3.75, 8.35 31.4 [106] 15.1, 94.6 46.9

Bioavailability (%) 1 FIX – 47.4[18.3] 38.2, 57.4 6.21

RUV 0.566 [7.83] 0.479, 0.643 – – 4.05

EFZCL/F (%) 72.6 [17.2] 51.5, 100 – – –

LOPCL/F (%) −62.1 [8.48] −72.1, −51.8 – – –

NEVF (%) −24.8 [38.6] −42.4, −4.66 – – –
Desbutyl-Lumefantrine

CL/F (l h−1) 489 [5.98] 435, 554 – – –
Vc/F (l) 22 800 [7.93] 19 600, 26 800 – – –
RUV 0.465 [13.3] 0.357, 0.591 – – 6.05
LOPCL/F (%) 392 [17.6] 239, 488 – – –

CL/F is the apparent elimination clearance. Vc/F is the apparent volume of distribution of the central compartment. Q/F is the inter-compartment clearance between the central and
the peripheral compartment. VP/F is the apparent volume of distribution of the peripheral compartment. MTT is the mean transit time of the absorption. RUV is the variance of the
unexplained residual variability. Number of trans comp is the number of transit compartments used in the absorption model. F represents the relative bioavailability. EFZCL/F and LOPCL/F

are the effect on elimination clearance by concomitant treatment with efavirenz and lopinavir/ritonavir, respectively. NEVF is the effect of concomitant treatment with nevirapine on
the relative bioavailability. Coefficients of variation (%CV) for between-subject variability (BSV) were calculated as 100 × (evariance – 1)1/2. Relative standard errors (RSE) were presented
as 100 × (standard deviation/mean). The 95% confidence intervals (CI) are given as the 2.5 to 97.5 percentiles of bootstrap estimates. *Based on population mean values from
NONMEM. †Based on 866 successful stratified bootstrap runs (out of 1000).
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and 71.7%, respectively). A 250% increase in dose (assum-
ing a dose dependent bioavailability) would be required to
achieve exposures similar to those following a standard
artemether-lumefantrine antimalarial treatment without
concomitant HIV treatment (Figure 4).

Similarly, nevirapine decreased the exposures to both
lumefantrine and dihydroartemisinin (decrease of 25.2%
and 41.3%, respectively). A 75% artemether-lumefantrine
dose increase (assuming a dose dependent bioavailability)
would result in adequate exposures (Figure 4).

Lopinavir/ritonavir increased the exposure to lume-
fantrine markedly (increase of 439%), but conversely
decreased the exposure to dihydroartemisinin (decrease
of 59.7%). Thus, because of the fixed dose formulation
of artemether-lumefantrine, no dose-adjustment could
provide equivalent exposures to those normally achieved.
A 150% increase in the artemether-lumefantrine dose
would provide dihydroartemisinin exposures similar to
those observed in subjects without concomitant anti-
retroviral treatment (Figure 4), but lumefantrine exposures
would then be predicted to be nine times higher. Simula-
tions of lumefantrine day 7 concentrations when given

alone, together with antiretroviral treatment and after the
new suggested doses are presented in Figure 4.

Discussion

Drug–drug interactions between artemether-lumefantrine
therapy and antiretroviral drugs are likely to have
significant implications for the outcome of antimalarial
therapy. This is the first study investigating the popula-
tion pharmacokinetic properties of the antimalarial
drugs artemether, dihydroartemisinin, lumefantrine
and desbutyl-lumefantrine when co-administered with
efavirenz, nevirapine or lopinavir/ritonavir treatment. Pre-
vious studies on these interactions have only utilized non-
compartmental analysis and/or statistical analysis [31–36].
The presented study uses a non-linear mixed effects
approach with a higher statistical power to detect and
quantify any interaction. A modelling approach also allows
for a mechanistic understanding of the pharmacokinetic
properties and their variability. Artemether-lumefantrine is
the most widely used artemisinin-based combination
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treatment in the world so this interaction is likely to be
common, and therefore important.

Pharmacokinetic models
Lumefantrine/desbutyl-lumefantrine In agreement with
most previous reports, a two compartment disposition
model was selected for lumefantrine, whereas a one com-
partment model was adequate for desbutyl-lumefantrine
[49–51]. A recent publication used a three compartment
disposition model for lumefantrine and a two compart-
ment disposition model for desbutyl-lumefantrine [18].
Such a structural model could not be supported by our
data, probably because of the shorter follow-up period in
our studies. Goodness-of-fit plots and simulation-based
diagnostics showed that the model described the data
adequately. The parameter estimates were in general
agreement with previously published data on elimination
clearance and volume of distribution [14, 51]. The para-
meter estimates of desbutyl-lumefantrine were different
from those previously published [18], although this may
also be a consequence of a shorter follow-up period in our
studies and consequently fewer data.

Artemether/dihydroartemisinin Artemether and dihy-
droartemisinin pharmacokinetics were described by one
compartment disposition models. A two compartment
disposition model for artemether improved the fit signifi-
cantly but resulted in high RSEs (>79%) and unrealistic
parameter estimates (e.g. half-life of 12.2 h). The most
probable explanation of the improved model fit is the
large fraction of data below the limit of quantification. The
M3 method would be the preferred approach to handle
such data but resulted in unreasonable parameter esti-
mates (e.g. half-life of 1020 h) [45]. A one compartment
disposition model was therefore considered as the final
model and resulted in acceptable goodness-of-fit diagnos-
tics and reasonable predictive performance. Artemether
and dihydroartemisinin parameter estimates were in line
with previous data from healthy volunteers [5, 52].

Drug–drug interactions
Lumefantrine/desbutyl-lumefantrine Exposure to lume-
fantrine was decreased substantially by concomitant treat-
ment with efavirenz or nevirapine. This is most likely a
result of increased expression of CYP3A4 increasing
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hepatic extraction in the case of efavirenz and a decrease
in bioavailability, possibly due to induction of intestinal
P-glycoprotein expression or induction of intestinal
CYP3A4, in the case of nevirapine. The exposure to
desbutyl-lumefantrine was also decreased by concomitant
treatment with nevirapine, due to the lower bioavailability
of lumefantrine.

In contrast, lopinavir/ritonavir increased the exposure
to lumefantrine. Lopinavir/ritonavir inhibits CYP3A4 activ-
ity [27], resulting in a decreased elimination clearance of
lumefantrine and consequently an increased exposure.
However, elimination clearance of desbutyl-lumefantrine
was increased by lopinavir/ritonavir resulting in decreased
exposure to desbutyl-lumefantrine. The mechanism of
elimination for desbutyl-lumefantrine is not known, and
therefore the effect of lopinavir/ritonavir could be a result
of changes in the elimination of desbutyl-lumefantrine.

These results are comparable with the results of the
model-independent non-compartmental analyses of
these studies [35, 36]. The incorporated covariates in the
present study also identified an additional trend of
lowered lumefantrine exposure when combined with
nevirapine.

Artemether/dihydroartemisinin All three antiretroviral
drugs investigated decreased the exposures to both

artemether and dihydroartemisinin. Efavirenz and nevira-
pine decreased the relative bioavailability of artemether,
which would explain the decreased exposure of the drug
and metabolite. The available findings on the interaction
between efavirenz/nevirapine and P-glycoprotein are
contradictory. An in vitro study showed that efavirenz and
nevirapine induce the expression of P-glycoprotein [26]
which could explain the observed results. Another expla-
nation could be induction of intestinal CYP3A4 enzymes
although this would preferentially affect artemether.

Nevirapine also decreased the elimination clearance of
dihydroartemisinin, but not to the same extent as the
decrease in bioavailability of artemether, resulting in a
total decrease in the exposure to dihydroartemisinin. The
decrease in dihydroartemisinin elimination clearance in
the present study is difficult to explain since nevirapine has
not been reported to affect the UGT-system. The present
study showed similar results compared with earlier studies
with the exception of the study by Kredo et al. (in which
they, in contrast, present a trend of increased exposure)
[33]. This might be explained by between subject variabil-
ity, different study sizes (36 compared with 89 in this
study) and different study designs (parallel compared with
crossover in this study).

Lopinavir/ritonavir increased the elimination clearance
of both artemether and dihydroartemisinin resulting in

Table 3
Parameter estimates describing the population pharmacokinetics of artemether and dihydroartemisinin

Population estimates*
[RSE %†] 95% CI† BSV* [RSE %†] 95% CI† Shrinkage* (%)

Artemether

CL/F (l h−1) 317 [8.25] 270, 374 9.8 [60.6] 2.75, 16.1 50.6

Vc/F (l) 1090 [8.69] 917, 1291 – –
Number of trans comp 3 FIX – – – –

MTT (h) 0.970 [6.58] 0.853, 1.10 51.6 [18.6] 41.1, 61.6 19.0

Bioavailability (%) 1 FIX – 58.6 [27.6] 39.9, 76.6 10.7

RUV 0.724 [5.60] 0.644, 0.803 – – 7.25

MMAX 1 FIX – – – –

MF50 62 FIX – – – –

Hill 0.445 [43.9‡] – – – –

LOPCL/F (%) 32.8 [21.5] 21.0, 47.0 – – –

EFZF (%) −71.5 [5.94] −79.3, −62.0 – – –

NEVF (%) −66.3 [7.41] −75.3, −55.9 – – –
Dihydroartemisinin

CL/F (l h−1) 160 [4.93] 145, 174 53.9 [31.5] 33.4, 70.4 18.7
Vc/F (l) 14.9 [39.8] 4.22, 27.9 – – –
RUV 0.707 [4.40] 0.645, 0.764 – – 8.28
LOPCL/F (%) 143 [19.7] 96.2, 207 – – –
NEVCL/F (%) −44.5 [14.5] −56.6, −31.2 – – –

CL/F is the apparent elimination clearance. Vc/F is the apparent volume of distribution of the central compartment. MTT is the mean transit time of the absorption phase. RUV is
the variance of the unexplained residual variability. Number of trans comp is the number of transit compartments used in the absorption model. MMAX is the maximum maturation
in the maturation model. MF50 is the time in which the maturation has reached 50%. Hill is the Hill coefficient in the maturation model. LOPCL/F and NEVCL/F are the effect on
elimination clearance by concomitant treatment with lopinavir/ritonavir or nevirapine, respectively. EFZF and NEVF are the effect on the bioavailability by concomitant treatment with
efavirenz or nevirapine, respectively. Coefficients of variation (%CV) for between-subject variability (BSV) were calculated as 100 × (evariance – 1)1/2. Relative standard errors (RSE) were
presented as 100 × (standard deviation/mean). The 95% confidence intervals (CI) are given as the 2.5 to 97.5 percentiles of bootstrap estimates. *Based on population mean values
from NONMEM. †Based on 932 successful stratified bootstrap runs (out of 1000). ‡Based on 1000 separate bootstrap runs with a reduced dataset.
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Figure 4
Box (25th to 75th percentile) and whisker (1.5 × interquartile range) plot of dose simulations. The top row illustrates the simulated terminal exposures (AUC)
from 72 to 894 h for lumefantrine when given alone, in combination with HIV treatment and after an adjusted dose regimen [efavirenz (A), nevirapine (B)
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decreased exposures. Lopinavir/ritonavir induces other
CYP enzymes such as CYP2B6, CYP2C9 and CYP2C19.
Induction of CYP enzymes seems the most likely explana-
tion for the observed increase in the elimination clearance
of artemether. The increase in dihydroartemisinin elimina-
tion clearance is unexpected since lopinavir/ritonavir
inhibits several UGT enzymes which would be expected to
result in a decreased clearance. The increased clearance is
so far unexplained but it could be a consequence of
lopinavir dependent induction of other unknown meta-
bolic pathways of artemether.

The results for artemether-dihydroartemisinin are
also similar to the results of the previously published
non-compartmental analyses [35, 36] except that the
modelling approach also identifies a decreased dihy-
droartemisinin exposure when combined with lopinavir/
ritonavir which was only indicated as a trend in the non-
compartmental analyses.

Dose optimization
Artemether-lumefantrine is provided as a fixed dose com-
bination tablet. The simulations aimed to investigate how
changing dosing (the normal adult dose being four tablets
per dose twice daily for 3 days), would influence the sys-
temic exposure to the antimalarial compounds. The result-
ing recommendations are tentative. This study was based
on HIV-infected subjects with no evidence of malaria infec-
tion. Malaria itself, depending on clinical severity, may
affect drug absorption, distribution and elimination and
may therefore influence the degree of the interactions
described here. Determining the clinical relevance of these
observations will require further study in patients on
antiretroviral treatment who have acute malaria.

If it is assumed that a malaria infection does not miti-
gate the drug–drug interactions, and there was a linear
relationship between dose and exposure then an increase
in artemether-lumefantrine dose of 250% would therefore
be required for patients on efavirenz treatment. As single
adult doses over four tablets may not be absorbed
adequately, dose increases would necessitate increased
frequency of dosing or a longer treatment course. The
most reliable approach to increasing exposure would be to
use a 7 day regimen. Whether higher individual doses or
increased frequency (three or four times daily) would allow
shorter courses needs to be determined prospectively.

Concomitant treatment of lopinavir/ritonavir resulted
in decreased dihydroartemisinin exposure. This might
result in a smaller fraction of parasites being killed during
the first 72 h of treatment. This potentially reduced
pharmacodynamic effect is balanced by the concomitant
marked increase in exposure to lumefantrine. In addition,
the possible weak antimalarial effect of the protease
inhibitor might contribute to therapeutic efficacy [31].
Whether efficacy would be increased or decreased in low
transmission settings is uncertain.

The predicted increase in artemether-lumefantrine
dose in HIV patients treated with nevirapine is 75%. As for
efavirenz the dosing regimen would require a prospective
study to determine whether this regimen could still be
given over 3 days.

The simulated day 7 concentrations of lumefantrine
exhibit a similar trend compared with lumefantrine expo-
sure (area under the concentration–time curve, Figure 4).
Two previous studies have reported that a day 7 concen-
tration below 280 ng ml−1 and 175 ng ml−1, respectively,
will result in an increased risk of treatment failure [51, 53].
The mean lumefantrine day 7 concentrations when com-
bined with efavirenz are below 280 ng ml−1, but close to
175 ng ml−1. The new proposed dose regimen increases
the mean day 7 concentration above 280 ng ml−1. When
combined with nevirapine the mean day 7 concentration
will decrease but not fall below 280 ng ml−1 and a combi-
nation with ritonavir boosted lopinavir will increase the
mean day 7 concentration. This suggests that the lower
exposure after concomitant administration of nevirapine
would be of less clinical importance. This also emphasizes
the need to investigate this in a population infected with
malaria.

In conclusion, this study evaluated the impact of con-
comitant HIV treatment with efavirenz, nevirapine or
lopinavir/ritonavir based regimens on the pharmaco-
kinetic properties of artemether, lumefantrine and their
respective metabolites. All HIV drugs influenced the expo-
sure to artemether-lumefantrine which was attributed to
several changes in the pharmacokinetics of the antima-
larial drugs. Efavirenz and nevirapine decreased the
exposure to lumefantrine and dihydroartemisinin and
dose adjustments may be required. The exposure to
lumefantrine was increased when combined with
lopinavir/ritonavir although in this case a change in dose
might not be required. The proposed new dose regimens
for the artemether-lumefantrine fixed combination do not
take the effect of malaria infections on pharmacokinetics
into consideration. This needs to be evaluated in clinical
studies in malaria-HIV co-infected patients.

Conflict of Interests

All authors have completed the Unified Competing Inter-
est form at http://www.icmje.org/coi_disclosure.pdf (avail-
able on request from the corresponding author) and
declare: NW, ND and JT had support from The Wellcome
Trust for the submitted work; no financial relationships
with any organizations that might have an interest in the
submitted work in the previous 3 years. The Wellcome
Trust is a UK-based charity which supports medical
research and is independent of all drug companies. It has
no financial links with the manufacturers of either the
diagnostic tests or the drugs used in this study. The
authors declare no conflict of interest.

64 6

R. M. Hoglund et al.

/ : / Br J Clin Pharmacol79 4

4

4

http://www.icmje.org/coi_disclosure.pdf


We sincerely thank all participants and the clinical study
team. This investigation was part of the Wellcome Trust-
Mahidol University-Oxford Tropical Medicine Research Pro-
gramme, supported by the Wellcome Trust of Great Britain.
Clinical study 1 was supported by a Monument Fund grant to
the University of Liverpool, UK and study 2 was supported by
the Health Research Board, Ireland.

Contributors

IA, PBK, ML, CM, ND, JT and NW conceived the project. WH
and JT quantified the drug concentrations. RH and JT per-
formed the pharmacokinetic analysis and wrote the first
draft of the manuscript. All authors revised the manuscript
critically for important intellectual content and approved
the final manuscript.

REFERENCES

1 WHO. World Malaria Report: 2013. Geneva, Switzerland:
WHO, 2013.

2 WHO. Progress Report 2011: Global HIV/AIDS Response.
Geneva, Switzerland: WHO, 2011.

3 French N, Nakiyingi J, Lugada E, Watera C, Whitworth JA,
Gilks CF. Increasing rates of malarial fever with deteriorating
immune status in HIV-1-infected Ugandan adults. AIDS 2001;
15: 899–906.

4 Whitworth J, Morgan D, Quigley M, Smith A, Mayanja B, Eotu
H, Omoding N, Okongo M, Malamba S, Ojwiya A. Effect of
HIV-1 and increasing immunosuppression on malaria
parasitaemia and clinical episodes in adults in rural Uganda:
a cohort study. Lancet 2000; 356: 1051–6.

5 Ali S, Najmi MH, Tarning J, Lindegardh N. Pharmacokinetics
of artemether and dihydroartemisinin in healthy Pakistani
male volunteers treated with artemether-lumefantrine.
Malar J 2010; 9: 275.

6 Lefèvre G, Bindschedler M, Ezzet F, Schaeffer N, Meyer I,
Thomsen MS. Pharmacokinetic interaction trial between
co-artemether and mefloquine. Eur J Pharm Sci 2000; 10:
141–51.

7 Van Agtmael MA, Gupta V, van der Graaf CA, van Boxtel CJ.
The effect of grapefruit juice on the time-dependent decline
of artemether plasma levels in healthy subjects. Clin
Pharmacol Ther 1999; 66: 408–14.

8 Tarning J, Kloprogge F, Piola P, Dhorda M, Muwanga S,
Turyakira E, Nuengchamnong N, Nosten F, Day NPJ, White
NJ, Guerin PJ, Lindegardh N. Population pharmacokinetics of
Artemether and dihydroartemisinin in pregnant women
with uncomplicated Plasmodium falciparum malaria in
Uganda. Malar J 2012; 11: 293.

9 Navaratnam V, Mansor SM, Sit NW, Grace J, Li Q, Olliaro P.
Pharmacokinetics of artemisinin-type compounds. Clin
Pharmacokinet 2000; 39: 255–70.

10 Kokwaro G, Mwai L, Nzila A. Artemether/lumefantrine in the
treatment of uncomplicated falciparum malaria. Expert Opin
Pharmacother 2007; 8: 75–94.

11 Ilett KF, Ethell BT, Maggs JL, Davis TME, Batty KT, Burchell B,
Binh TQ, Thu LTA, Hung NC, Pirmohamed M, Park BK,
Edwards G. Glucuronidation of dihydroartemisinin in vivo
and by human liver microsomes and expressed
UDP-glucuronosyltransferases. Drug Metab Dispos. 2002; 30:
1005–12.

12 Van Agtmael MA, Cheng-Qi S, Qing JX, Mull R, van Boxtel CJ.
Multiple dose pharmacokinetics of artemether in Chinese
patients with uncomplicated falciparum malaria. Int J
Antimicrob Agents 1999; 12: 151–8.

13 Ashley EA, Stepniewska K, Lindegårdh N, McGready R,
Annerberg A, Hutagalung R, Singtoroj T, Hla G, Brockman A,
Proux S, Wilahphaingern J, Singhasivanon P, White NJ,
Nosten F. Pharmacokinetic study of
artemether-lumefantrine given once daily for the treatment
of uncomplicated multidrug-resistant falciparum malaria.
Trop Med Int Health 2007; 12: 201–8.

14 Tarning J, Kloprogge F, Dhorda M, Jullien V, Nosten F, White
NJ, Guerin PJ, Piola P. Pharmacokinetic properties of
artemether, dihydroartemisinin, lumefantrine, and quinine
in pregnant women with uncomplicated Plasmodium
falciparum malaria in Uganda. Antimicrob Agents
Chemother 2013; 57: 5096–103.

15 Lefèvre G, Carpenter P, Souppart C, Schmidli H, McClean M,
Stypinski D. Pharmacokinetics and electrocardiographic
pharmacodynamics of artemether-lumefantrine (Riamet)
with concomitant administration of ketoconazole in healthy
subjects. Br J Clin Pharmacol 2002; 54: 485–92.

16 Wong RPM, Salman S, Ilett KF, Siba PM, Mueller I, Davis TME.
Desbutyl-lumefantrine is a metabolite of lumefantrine with
potent in vitro antimalarial activity that may influence
artemether-lumefantrine treatment outcome. Antimicrob
Agents Chemother 2011; 55: 1194–8.

17 Hatz C, Soto J, Nothdurft HD, Zoller T, Weitzel T, Loutan L,
Bricaire F, Gay F, Burchard G-D, Andriano K, Lefèvre G,
De Palacios PI, Genton B. Treatment of acute uncomplicated
falciparum malaria with artemether-lumefantrine in
nonimmune populations: a safety, efficacy, and
pharmacokinetic study. Am J Trop Med Hyg 2008; 78: 241–7.

18 Salman S, Page-Sharp M, Griffin S, Kose K, Siba PM, Ilett KF,
Mueller I, Davis TME. Population pharmacokinetics of
artemether, lumefantrine, and their respective metabolites
in Papua New Guinean children with uncomplicated malaria.
Antimicrob Agents Chemother 2011; 55: 5306–13.

19 Fellay J, Marzolini C, Decosterd L, Golay KP, Baumann P,
Buclin T, Telenti A, Eap CB. Variations of CYP3A activity
induced by antiretroviral treatment in HIV-1 infected
patients. Eur J Clin Pharmacol 2005; 60: 865–73.

20 Lamson M, MacGregor T, Riska P, Erickson D, Maxfield P,
Rowland L, Gigliotti M, Robinson P, Azzam S, Keirns J.
Nevirapine induces both CYP3A4 and CYP2B6 metabolic
pathways. Clin Pharmacol Ther 1999;65: 137.

21 Robertson SM, Maldarelli F, Natarajan V, Formentini E, Alfaro
RM, Penzak SR. Efavirenz induces CYP2B6-mediated

64 7Br J Clin Pharmacol / : /79 4

Artemether-lumefantrine interactions with antiretroviral drugs

4



hydroxylation of bupropion in healthy subjects. J Acquir
Immune Defic Syndr 2008; 49: 513–9.

22 Almond LM, Edirisinghe D, Dalton M, Bonington A, Back DJ,
Khoo SH. Intracellular and plasma pharmacokinetics of
nevirapine in human immunodeficiency virus-infected
individuals. Clin Pharmacol Ther 2005; 78: 132–42.

23 Burhenne J, Matthée A-K, Pasáková I, Röder C, Heinrich T,
Haefeli WE, Mikus G, Weiss J. No evidence for induction of
ABC transporters in peripheral blood mononuclear cells in
humans after 14 days of efavirenz treatment. Antimicrob
Agents Chemother 2010; 54: 4185–91.

24 Chandler B, Almond L, Ford J, Owen A, Hoggard P, Khoo S,
Back D. The effects of protease inhibitors and nonnucleoside
reverse transcriptase inhibitors on P-glycoprotein expression
in peripheral blood mononuclear cells in vitro. J Acquir
Immune Defic Syndr 2003; 33: 551–6.

25 Oswald S, Meyer zu Schwabedissen HE, Nassif A, Modess C,
Desta Z, Ogburn ET, Mostertz J, Keiser M, Jia J, Hubeny A,
Ulrich A, Runge D, Marinova M, Lütjohann D, Kroemer HK,
Siegmund W. Impact of efavirenz on intestinal metabolism
and transport: insights from an interaction study with
ezetimibe in healthy volunteers. Clin Pharmacol Ther 2012;
91: 506–13.

26 Störmer E, von Moltke LL, Perloff MD, Greenblatt DJ.
Differential modulation of P-glycoprotein expression and
activity by non-nucleoside HIV-1 reverse transcriptase
inhibitors in cell culture. Pharm Res 2002; 19: 1038–45.

27 Yeh RF, Gaver VE, Patterson KB, Rezk NL, Baxter-Meheux F,
Blake MJ, Eron JJ, Klein CE, Rublein JC, Kashuba ADM.
Lopinavir/ritonavir induces the hepatic activity of
cytochrome P450 enzymes CYP2C9, CYP2C19, and CYP1A2
but inhibits the hepatic and intestinal activity of CYP3A as
measured by a phenotyping drug cocktail in healthy
volunteers. J Acquir Immune Defic Syndr 2006; 42: 52–60.

28 Zhang D, Chando TJ, Everett DW, Patten CJ, Dehal SS,
Humphreys WG. In vitro inhibition of UDP
glucuronosyltransferases by atazanavir and other HIV
protease inhibitors and the relationship of this property to
in vivo bilirubin glucuronidation. Drug Metab Dispos. 2005;
33: 1729–39.

29 Porter KA, Cole SR, Eron JJ, Zheng Y, Hughes MD, Lockman
S, Poole C, Skinner-Adams TS, Hosseinipour M, Shaffer D,
D’Amico R, Sawe FK, Siika A, Stringer E, Currier JS, Chipato T,
Salata R, McCarthy JS, Meshnick SR. HIV-1 protease inhibitors
and clinical malaria: a secondary analysis of the AIDS Clinical
Trials Group A5208 study. Antimicrob Agents Chemother
2012; 56: 995–1000.

30 Parikh S, Gut J, Istvan E, Goldberg DE, Havlir DV, Rosenthal
PJ. Antimalarial activity of human immunodeficiency virus
type 1 protease inhibitors. Antimicrob Agents Chemother
2005; 49: 2983–5.

31 Achan J, Kakuru A, Ikilezi G, Ruel T, Clark TD, Nsanzabana C,
Charlebois E, Aweeka F, Dorsey G, Rosenthal PJ, Havlir D,
Kamya MR. Antiretroviral agents and prevention of malaria
in HIV-infected Ugandan children. N Engl J Med 2012; 367:
2110–8.

32 German P, Parikh S, Lawrence J, Dorsey G, Rosenthal PJ,
Havlir D, Charlebois E, Hanpithakpong W, Lindegardh N,

Aweeka FT. Lopinavir/ritonavir affects pharmacokinetic
exposure of artemether/lumefantrine in HIV-uninfected
healthy volunteers. J Acquir Immune Defic Syndr 2009; 51:
424–9.

33 Kredo T, Mauff K, Van der Walt JS, Wiesner L, Maartens G,
Cohen K, Smith P, Barnes KI. Interaction between
artemether-lumefantrine and nevirapine-based antiretroviral
therapy in HIV-1-infected patients. Antimicrob Agents
Chemother 2011; 55: 5616–23.

34 Huang L, Parikh S, Rosenthal PJ, Lizak P, Marzan F, Dorsey G,
Havlir D, Aweeka FT. Concomitant efavirenz reduces
pharmacokinetic exposure to the antimalarial drug
artemether-lumefantrine in healthy volunteers. J Acquir
Immune Defic Syndr 2012; 61: 310–6.

35 Byakika-Kibwika P, Lamorde M, Okaba-Kayom V,
Mayanja-Kizza H, Katabira E, Hanpithakpong W, Pakker N,
Dorlo TPC, Tarning J, Lindegardh N, de Vries PJ, Back D,
Khoo S, Merry C. Lopinavir/ritonavir significantly influences
pharmacokinetic exposure of artemether/lumefantrine in
HIV-infected Ugandan adults. J Antimicrob Chemother 2012;
67: 1217–23.

36 Byakika-Kibwika P, Lamorde M, Mayito J, Nabukeera L,
Namakula R, Mayanja-Kizza H, Katabira E, Ntale M, Pakker N,
Ryan M, Hanpithakpong W, Tarning J, Lindegardh N, de
Vries PJ, Khoo S, Back D, Merry C. Significant
pharmacokinetic interactions between
artemether/lumefantrine and efavirenz or nevirapine in
HIV-infected Ugandan adults. J Antimicrob Chemother 2012;
67: 2213–21.

37 Annerberg A, Singtoroj T, Tipmanee P, White NJ, Day NPJ,
Lindegårdh N. High throughput assay for the determination
of lumefantrine in plasma. J Chromatogr B Analyt Technol
Biomed Life Sci 2005; 822: 330–3.

38 Hanpithakpong W, Kamanikom B, Dondorp AM,
Singhasivanon P, White NJ, Day NPJ, Lindegardh N. A liquid
chromatographic-tandem mass spectrometric method for
determination of artesunate and its metabolite
dihydroartemisinin in human plasma. J Chromatogr B Analyt
Technol Biomed Life Sci 2008; 876: 61–8.

39 Blessborn D, Römsing S, Annerberg A, Sundquist D,
Björkman A, Lindegardh N, Bergqvist Y. Development and
validation of an automated solid-phase extraction and liquid
chromatographic method for determination of lumefantrine
in capillary blood on sampling paper. J Pharm Biomed Anal
2007; 45: 282–7.

40 Food and Drug Administration. Guidance for Industry:
Bioanalytical Method Validation. 2001.

41 Beal SL, Sheiner LB. Estimating population kinetics. Crit Rev
Biomed Eng 1982/01/01 ed. 1982; 8: 195–222.

42 Keizer RJ, van Benten M, Beijnen JH, Schellens JHM, Huitema
ADR. Piraña and PCluster: a modeling environment and
cluster infrastructure for NONMEM. Comput Methods
Programs Biomed 2011; 101: 72–9.

43 Jonsson EN, Karlsson MO. Xpose–an S-PLUS based
population pharmacokinetic/pharmacodynamic model
building aid for NONMEM. Comput Methods Programs
Biomed 1999/04/09 ed. 1999; 58: 51–64.

64 8

R. M. Hoglund et al.

/ : / Br J Clin Pharmacol79 44



44 Lindbom L, Pihlgren P, Jonsson EN. PsN-Toolkit–a collection
of computer intensive statistical methods for non-linear
mixed effect modeling using NONMEM. Comput Methods
Programs Biomed 2005/07/19 ed. 2005; 79: 241–57.

45 Beal SL. Ways to fit a PK model with some data below the
quantification limit. J Pharmacokinet Pharmacodyn 2001; 28:
481–504.

46 Savic RM, Jonker DM, Kerbusch T, Karlsson MO.
Implementation of a transit compartment model for
describing drug absorption in pharmacokinetic studies.
J Pharmacokinet Pharmacodyn 2007/07/27 ed. 2007; 34:
711–26.

47 Yang J, Liao M, Shou M, Jamei M, Yeo KR, Tucker GT,
Rostami-Hodjegan A. Cytochrome P450 turnover: regulation
of synthesis and degradation, methods for determining
rates, and implications for the prediction of drug
interactions. Curr Drug Metab 2008; 9: 384–94.

48 Bergstrand M, Hooker AC, Wallin JE, Karlsson MO.
Prediction-corrected visual predictive checks for diagnosing
nonlinear mixed-effects models. AAPS J. 2011; 13: 143–51.

49 Tarning J, McGready R, Lindegardh N, Ashley EA,
Pimanpanarak M, Kamanikom B, Annerberg A, Day NP,
Stepniewska K, Singhasivanon P, White NJ, Nosten F.

Population pharmacokinetics of lumefantrine in pregnant
women treated with artemether-lumefantrine for
uncomplicated Plasmodium falciparum malaria. Antimicrob
Agents Chemother 2009; 01 edn. 53: 3837–46.

50 Kloprogge F, Piola P, Dhorda M, Muwanga S, Turyakira E,
Apinan S, Lindegårdh N, Nosten F, Day NPJ, White NJ,
Guerin PJ, Tarning J. Population pharmacokinetics of
lumefantrine in pregnant and nonpregnant women with
uncomplicated Plasmodium falciparum malaria in Uganda.
CPT Pharmacometrics Syst Pharmacol 2013; 2: e83.

51 Ezzet F, Mull R, Karbwang J. Population pharmacokinetics
and therapeutic response of CGP 56697 (artemether +
benflumetol) in malaria patients. Br J Clin Pharmacol 1998;
46: 553–61.

52 Mordi MN, Mansor SM, Navaratnam V, Wernsdorfer WH.
Single dose pharmacokinetics of oral artemether in healthy
Malaysian volunteers. Br J Clin Pharmacol 1997; 43: 363–5.

53 Price RN, Uhlemann A-C, van Vugt M, Brockman A,
Hutagalung R, Nair S, Nash D, Singhasivanon P, Anderson
TJC, Krishna S, White NJ, Nosten F. Molecular and
pharmacological determinants of the therapeutic response
to artemether-lumefantrine in multidrug-resistant
Plasmodium falciparum malaria. Clin Infect Dis 2006; 42:
1570–7.

649Br J Clin Pharmacol / : /79 4

Artemether-lumefantrine interactions with antiretroviral drugs

49


