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ABSTRACT 
Malaria is one of the most important tropical diseases, with hundreds of 
millions of cases every year. The current recommended treatment is an 
artemisinin based combination therapy (ACT), which has shown good 
efficacy. However, differences in exposure have been observed in children 
and pregnant women for some antimalarial drugs. Interactions might also 
change the outcome of the treatment. Recently resistance development 
has been noted, which further underlines the importance to optimise these 
treatments. In this thesis, a nonlinear mixed-effects modelling approach has 
been used to optimise the treatment with ACT. The aims were to optimise 
the treatment with piperaquine, and to investigate the interactions between 
the antimalarial drug combination artemether-lumefantrine and 
antiretroviral therapy. The pharmacokinetics of piperaquine during 
pregnancy was investigated, and no difference in exposure was found. 
However, a difference in exposure was found in children, and a new 
optimised dose regimen for children and adults were derived. A significant 
difference in clinical outcome was found between three sites in Cambodia.  
Potential interactions between antimalarials and antiretrovirals were 
investigated and a significant difference in the exposure of lumefantrine 
was found when combined with the three antiretroviral drugs efavirenz, 
nevirapine or lopinavir, and new doses for artemether-lumefantrine were 
simulated. Exposure of nevirapine was also found to differ when 
combined with artemether-lumefantrine, and a new dose suggestion was 
simulated. In conclusion, this thesis has optimised the treatment of 
piperaquine and the co-treatment of artemether-lumefantrine and 
efavirenz, nevirapine and ritonavir boosted lopinavir.
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SAMMANFATTNING PÅ SVENSKA

Malaria är fortfarande ett stort problem i tropiska länder, speciellt i Afrika
söder om Sahara. Malaria är en infektionssjukdom som orsakas av parasiter
av släktet plasmodium. Världshälsoorganisationen (WHO) har beräknat att
det år 2012 inträffade ca 207 miljoner fall av malaria i världen. Malaria 
behandlas oftast med en artemisinin baserad kombinationsterapi. Dessa 
kombinationsterapier innehåller ett artemisinin derivat, som finns kvar i
kroppen en kort tid, och ett långtidsverkande läkemedel som finns kvar i 
kroppen dagar eller t.o.m. månader. 

Denna avhandling syftar till att optimera behandlingen av malaria med störst
tyngdpunkt på två långtidsverkande läkemedel: piperakin och lumefantrin.
Behandlingen med lumefantrin och dess artemisinin derivat artemeter, har
undersökts när de givits samtidigt med HIV-läkemedlen efavirenz, nevirapin
och lopinavir. När två eller flera läkemedel ges samtidigt så kan de förändra
varandras effekt. Dessutom har avhandlingen undersökt vad som händer med 
efavirenz och nevirapin när de ges tillsammans med artemeter-lumefantrin. 
Undersökningarna av alla dessa behandlingar gjordes med hjälp av
matematiska och statiska modeller, samt simuleringar utifrån dessa modeller.

Mängden piperakin som kroppen exponeras för visade sig inte ändras mellan
gravida och icke-gravida kvinnor. Dock fanns en stor skillnad i exponering
mellan barn och vuxna och mellan friska och sjuka. Utifrån den framtagna 
matematiska modellen så utfördes simuleringar för att ta fram en ny
behandlings rekommendation för piperakin som gäller för både barn och
vuxna. I undersökningen av interaktionerna mellan artemeter-lumefantrin och
HIV läkemedel så visade det sig att exponeringen för malaria behandlingen
ändrades, oavsett vilket av de tre HIV läkemedlen som man gav. Dessutom
förändrades expoeringen av nevirapin när man gav artemeter-lumefantrin
samtidigt. Simuleringar utfördes och nya doser togs fram för att få samma
exponering som man får när läkemedlen ges var för sig. Slutligen 
undersöktes den kliniska effekten av piperakin i tre proviner i Kambodja, och 
det visade sig att effekten skilde sig mellan provinserna.

Denna avhandling har optimerat behandlingen av malaria med piperakin samt
sambehandlingen av malaria och HIV med artemeter-lumefantrin och HIV-
läkemedel.
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ABBREVIATIONS 

ACT Artemisinin-based combination therapy 

AIDS Acquired immunodeficiency syndrome 

CD4 Helper T lymphocyte 

CYP Cytochrome P450 

HAART Highly active antiretroviral therapy 

HIV Human immunodeficiency virus 

IC50 Inhibitory concentration at the half maximum effect 
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NNRTI Non-nucleoside reverse transcriptase inhibitor 

NRTI Nucleoside reverse transcriptase inhibitor 

UGT Uridine diphosphoglucurosyltransferas 
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v

DEFINITIONS IN SHORT

Pharmacokinetics What the body does to the drug [1].

Pharmacodynamics What the drug does to the body [1].

Pharmacometrics Branch of science concerned with
mathematical models of biology,
pharmacology, disease, and physiology used
to describe and quantify interactions between
xenobiotics and patients, including beneficial
effects and side effects resultant from such
interfaces [2].

Population 
pharmacokinetics

the study of the variability in plasma drug 
concentrations between individuals when
standard dosage regimens are administered
[3].
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1 INTRODUCTION 

Malaria and human Immunodeficiency Virus (HIV) are two important 
infectious diseases. Malaria still claims nearly 2000 deaths each day and is 
one of the infectious diseases which claims most lives each year [4]. HIV is a 
life-long infection with approximately 34 million people infected worldwide 
[5]. This thesis focuses on optimising and individualising current treatment 
options for both malaria and HIV. Children, under the age of five, and 
pregnant women are the two most vulnerable groups to malaria, and 
treatment of both of these groups have been addressed in this thesis. 

The thesis consists of five different research papers and has been divided into 
two main parts. In the first part, the pharmacokinetic and pharmacodynamic 
properties of the antimalarial drug piperaquine have been investigated (paper 
I-III). In the second part, the interactions between antimalarial drugs and 
antiretroviral drugs have been investigated (paper IV-V). In the first paper the 
pharmacokinetic properties of piperaquine, with focus on differences between 
pregnant and non-pregnant women, have been investigated (Paper I). To 
optimise treatment of piperaquine in children a large meta-analysis, 
consisting of ten different clinical studies, was performed (Paper II). To 
investigate the potential spread of drug resistance to antimalarial therapy a 
time-to-event analysis of clinical outcome linked to piperaquine 
concentration were conducted (Paper III). The interaction between 
antimalarial therapy and antiretroviral drugs were divided into two studies; in 
the first one, it was investigated how artemether, lumefantrine and their 
respective metabolites, dihydroartemisinin and desbutyl-lumefantrine, were 
affected by concomitant treatment with efavirenz, nevirapine and ritonavir-
boosted lopinavir (Paper IV); in the second paper it was investigated how 
efavirenz and nevirapine was influenced by concomitant treatment with 
artemether-lumefantrine (Paper V). 

The chapters in this thesis are organized as follow. Chapter 1 offers an 
introduction to the field and familiarizes the reader with the theory behind the 
methodology used. Chapter 2 presents the broad aim of the thesis. Chapter 3 
presents the methodology in detail and describes the populations and study 
designs of the different studies. Chapter 4 and 5 describes the results and 
discuss the impact of the findings in this thesis, respectively. Chapter 6 and 7 
presents the main conclusions of the thesis and future perspectives. 



Richard Höglund 

1 

1 INTRODUCTION 

Malaria and human Immunodeficiency Virus (HIV) are two important 
infectious diseases. Malaria still claims nearly 2000 deaths each day and is 
one of the infectious diseases which claims most lives each year [4]. HIV is a 
life-long infection with approximately 34 million people infected worldwide 
[5]. This thesis focuses on optimising and individualising current treatment 
options for both malaria and HIV. Children, under the age of five, and 
pregnant women are the two most vulnerable groups to malaria, and 
treatment of both of these groups have been addressed in this thesis. 

The thesis consists of five different research papers and has been divided into 
two main parts. In the first part, the pharmacokinetic and pharmacodynamic 
properties of the antimalarial drug piperaquine have been investigated (paper 
I-III). In the second part, the interactions between antimalarial drugs and 
antiretroviral drugs have been investigated (paper IV-V). In the first paper the 
pharmacokinetic properties of piperaquine, with focus on differences between 
pregnant and non-pregnant women, have been investigated (Paper I). To 
optimise treatment of piperaquine in children a large meta-analysis, 
consisting of ten different clinical studies, was performed (Paper II). To 
investigate the potential spread of drug resistance to antimalarial therapy a 
time-to-event analysis of clinical outcome linked to piperaquine 
concentration were conducted (Paper III). The interaction between 
antimalarial therapy and antiretroviral drugs were divided into two studies; in 
the first one, it was investigated how artemether, lumefantrine and their 
respective metabolites, dihydroartemisinin and desbutyl-lumefantrine, were 
affected by concomitant treatment with efavirenz, nevirapine and ritonavir-
boosted lopinavir (Paper IV); in the second paper it was investigated how 
efavirenz and nevirapine was influenced by concomitant treatment with 
artemether-lumefantrine (Paper V). 

The chapters in this thesis are organized as follow. Chapter 1 offers an 
introduction to the field and familiarizes the reader with the theory behind the 
methodology used. Chapter 2 presents the broad aim of the thesis. Chapter 3 
presents the methodology in detail and describes the populations and study 
designs of the different studies. Chapter 4 and 5 describes the results and 
discuss the impact of the findings in this thesis, respectively. Chapter 6 and 7 
presents the main conclusions of the thesis and future perspectives. 



Population Pharmacokinetic-Pharmacodynamic Modelling of Antimalarial Treatment 

2 

1.1 Malaria 
Malaria is an infectious disease caused by plasmodium parasites. It is 
estimated that there were 207 million (95% uncertainty range: 135-287 
million) cases (infections) of malaria, and 627,000 (473,000-789,000)  deaths 
in malaria, in 2012 [4]. 

Five different malaria species infect humans; Plasmodium falciparum, 
Plasmodium vivax, Plasmodium ovale, Plasmodium malariae and 
Plasmodium knowlesi. The parasites are all transmitted to humans by the 
female Anopheles mosquito. Of these five species, P. falciparum and P. vivax 
are the most common. P. falciparum causes the most serious infections and is 
more likely to lead to severe malaria and death compared with P. vivax 
malaria. The focus of this thesis will be P. falciparum malaria.  

A malaria infection can be categorised as either uncomplicated or severe. The 
uncomplicated stage is characterised by flue like symptoms (i.e. fever, 
headache and chills). If untreated, a malaria infection could proceed to a 
severe state which has an increased risk of organ failure and death. The 
World Health Organisation (WHO) has listed several clinical symptoms of 
severe malaria, including: severe anaemia (haematocrit <15% or 
haemoglobin <50 g/l in the presence of parasite count above 10,000/µl) and 
organ failure [6–8]. Cerebral malaria is the most serious complication of 
severe malaria, characterised by impaired consciousness and a high risk of 
death [7, 9].  Nearly all cases of severe malaria are reported to be caused by 
P. falciparum.  

Malaria is today found in the tropical areas of the world with the highest 
incidence in Africa. Approximately 90% of all deaths caused by malaria are 
estimated to be located in Africa, south of Sahara [4]. 
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1.1.2 The parasite life-cycle 

Figure 1. The life-cycle of the malaria parasite. 
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into gametocytes (males and females). Gametocytes are the sexual form of 
the plasmodium parasite, which can be consumed by another mosquito, 
thereby spreading the disease (Figure 1. #7). The malaria parasite also 
undergoes a lifecycle within the mosquito, different from that in humans. In 
mosquitoes, the imbibed gametocytes form gemetes (Figure 1. #8) which 
eventually develops into zygotes and sequentially into oocytes (Figure 1. #9) 
[6]. The oocytes form sporozoites which can be released from the saliva 
gland into a human during a blood meal (Figure 1. #10).  

1.1.3 Malaria in children and pregnant women 
Adults living in high-transmission areas of malaria have been gradually 
exposed to the disease for a long time, resulting in a developed semi-
immunity to malaria (acquired immunity) [10]. Two groups have an 
increased sensitivity to malaria: children and pregnant women. 

Children lack the acquired immunity of adults. This gives them an increased 
risk of symptomatic malaria, progression to the severe state of the disease 
and/or to die of the disease. Of the total deaths in malaria, 77% are estimated 
to be in children under the age of five. In 2012 it was estimated that 
approximately 1300 children died, each day, due to malaria [4]. 

Pregnant women have an increased risk to contract a malaria infection and to 
proceed to the severe state of the disease [11–14]. A malaria infected 
pregnant woman also has an increased risk of fetal loss, of dying or of low 
birth weight of the new-born baby, which increase the risk of death and 
complications later in life. During pregnancy the placenta is developed, 
which does not possess the acquired immunity. Therefore, women lose parts 
of the acquired immunity during a pregnancy  [11, 12]. Also, the immune 
system in pregnant women is down regulated to not reject the foetus, which 
could partly explain the loss of acquired immunity [13]. It has been shown 
that pregnant women have twice the risk to contract an infection compared 
with non-pregnant women [14]. Linday et al. presents three possible 
explanations for this; pregnant women, in later stages of pregnancy, produces 
more exhaled breath compared with non-pregnant women (21% more), and 
some of the compounds in human breath could be attracting the mosquitoes 
(e.g. carbon dioxide [15]); the body temperature of pregnant women was 
found to be higher compared with non-pregnant women, and this increase in 
body temperature would increase the release of volatile substances from the 
skin, which could attract mosquitoes; pregnant women are twice as likely to 
leave the bed net at night to visit the bathroom compared with non-pregnant 
women, and this would increase the exposure to mosquitoes. 
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1.1.4 Anti-malarial therapy 
Today, the main treatment of uncomplicated malaria is artemisinin-based 
combination therapy (ACT) consisting of one artemisinin derivative and a 
long-lasting partner-drug. In 2012 a total of 331 million treatments of ACT 
were delivered [4]. These combinations have shown great efficacy and are 
used as first-line treatment worldwide [16]. ACT reduces the number of 
parasites by approximately one hundred million-fold during the three days of 
treatment [17]. The artemisinins have a rapid effect and a short elimination 
half-life, and eliminates the majority of the parasite biomass. If not all 
parasites are killed they will start to regrow which will result in a return of 
the clinical symptoms of malaria (recrudescent malaria). The partner drugs 
have different mechanisms of action and often have a much longer half-life 
and are responsible for killing the residual parasites and thereby prevent 
recrudescent malaria. The partner drug also minimizes the risk of resistance 
development against the artemisinins [18]. The focus in this thesis is on two 
different ACTs: dihydroartemisinin-piperaquine and artemether-lumefantrine. 
Dihydroartemisinin-piperaquine has been the first line treatment in western 
Cambodia since 2008, because of emerging drug resistance against 
artesunate-mefloquine [19, 20]. Artemether-lumefantrine has been used as 
first line treatment in many countries, especially in Africa south of Sahara. 
Artemether-lumefantrine is the most common ACT used and account for 
77% of all ACTs used. 

1.1.5 Resistance 
Western Cambodia has traditionally been a hot spot for developing drug 
resistance against antimalarial drugs. Both resistance against chloroquine and 
sulfadoxine/pyrimethamine was first seen here [21, 22]. Recently, a lower 
efficacy of artemisinin has been noted in Western Cambodia and later in 
other parts of South-East Asia [23]. In 2009 Dondorp et al. identified 
artemisinin resistance by noting an significant increased malaria parasite 
clearance time in Palin, in western Cambodia, compared to Wang Pha in 
northwestern Thailand (84 and 48 hours, respectively) [24]. In addition, 
resistance against the partner drugs has also been suspected. Recent studies 
have seen a lowered efficacy of piperaquine [25]. If this resistance would 
spread, it would severely limit our ability to treat malaria, which in turn 
would lead to an increased number of cases of severe malaria and deaths. 
Attempts have been made to identify a molecular marker for artemisinin 
resistance, and a recent study has suggested the K13-propeller to be 
associated with artemisinin resistance [26]. 
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1.2 HIV 
HIV is an infectious disease caused by the HIV-1 and HIV-2 viruses, with 
HIV-1 being the most common. HIV is spread across the globe. In Africa, 
south of Sahara, approximately 23.5 million people was infected in 2011[27]. 
The HIV-infection is divided into three stages. The first stage is the initial 
acute phase, in which the patient suffers from flue like symptoms, like rashes 
and fever. This phase is characterized by a rapid increase of viruses and a 
steep decline in CD4-cell counts [28]. The second step is a latent phase, 
which could last months or years. This phase is initiated by a decline in virus 
levels followed by a slow increase in the numbers of viruses and a slow 
decline in CD4-cell count [28]. The third and final stage (also known as 
acquired immunodeficiency syndrome, AIDS), is characterized by an 
increase in virus replication and very low CD-4 cell counts. This stage is 
terminal and the patient will die due to opportunistic infections [28].  

1.2.1 HIV therapy (HAART) 
As of today, no cure of HIV exists and the available therapies are designed to 
supress the disease, and to prolong life and increase life quality. HIV is 
treated by a combination treatment called highly active antiretroviral therapy 
(HAART). In this treatment, nucleoside reverse transcriptase inhibitors 
(NRTI) are combined either with a non-nucleoside reverse transcriptase 
inhibitor (NNRTI) or a protease inhibitor. The number of people receiving 
antiretroviral therapy worldwide, increased from 300,000 in 2002 to 
6,650,000 in 2010 and the number of yearly deaths due to AIDS decreased 
from 2.0 million in 2002 to 1.8 million in 2010 [5]. However, in 2010 it was 
estimated that over 50% of the people who lives with HIV, does not receive 
antiretroviral therapy [5]. 

1.3 Drugs 

1.3.1 Piperaquine 
Piperaquine is a highly lipophilic drug related to halofantrine and 
chloroquine. The mechanism of action of piperaquine is unknown. However, 
chloroquine, which is structurally related to piperaquine, acts by preventing 
the detoxification process of haematin, a by-product from the parasites 
metabolism of haemoglobin, resulting in an accumulation of toxic haematin-
chloroquine complex in the parasites food-vacuole [29–33]. Piperaquine was 
developed in 1966, by Shanghai Research Institute of Pharmaceutical 
Industry. Piperaquine was used extensively for nearly 15 years until excluded 
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from the treatment guidelines due to problems with resistance. In the 2000s,
piperaquine was once again introduced, this time in combination with the
artemisinin derivative dihydroartemisinin. This combination is administrated
as three doses over three days. Piperaquine is given as the salt piperaquine
tetra-phosphate, and the dose of the ACT depends on the patient’s weight.
Piperaquine is structurally related to halofantrine, which exhibits a
cardiotoxic effect [34]. Piperaquine, in combination with dihydroartemisinin,
has been deemed safe [35, 36]. However, two recent studies have shown
prolonged QT-intervals in patients and volunteers in Cambodia [37, 38]. 

Piperaquine is highly bound to plasma proteins (>99%), has low elimination
clearance (<1.4 L/h/kg), and a high volume of distribution (>100 L/kg),
resulting in a long terminal half-life of more than 18 days (18-28 days) [39, 
40][41–44]. Piperaquine is mainly metabolised in the liver, forming five
urine identified metabolites [45]. The pharmacokinetics of piperaquine has
been thoroughly studied and body weight has been shown to especially
impact the pharmacokinetics [44]. The absorption of piperaquine has been
shown to vary between dosing occasions, possibly due to recovery of the
patients. A recent study by Tarning et al. included 48 Thai women (24
pregnant and 24 matched non-pregnant). By using a population
pharmacokinetic approach, they showed that the elimination clearance is
increased by 45.0% and the relative bioavailability is increased by 46.8% in 
pregnant compared to non-pregnant women, resulting in no changes in the
overall exposure [43]. Less is known about the pharmacodynamics. One
study has been able to link clinical outcome with day 7 concentrations of
piperaquine and the total piperaquine exposure [44]. Another study described
the outcome of a dihydroartemisinin-piperaquine treatment of P. vivax
malaria by linking it to the piperaquine concentrations through a time-to-
event model describing the risk to get a relapsing malaria episode [46], 
yielding a inhibitory concentration at the half maximum effect (IC50) of
piperaquine of 6.92 ng/mL. A study by Price et al. studied the link between 
day 7 concentrations and therapeutic response and was able to identify a cut-
off value at 30 ng/mL on day 7 after initiation of treatment [47]. A 
concentration below this cut-off increases the risk of failed treatment, with a
relative risk of 1.69 and a hazard ration of 6.6.

1.3.2 Artemisinins
Artemisinin was isolated from the herb Artemisia annua L. in 1972 [48].
Several derivatives have been synthesized from artemisinin, e.g. artesunate,
artemether and dihydroartemisinin. These are commonly called artemisinin
derivatives or artemisinins. The mechanism of action for artemisinins is
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unknown, but it has been hypothesised that the drug effect is dependent on 
the endoperoxide bridge as a likely pharmacophore in the molecular 
structure. Cleavage of this bridge by iron ions could result in radicals which 
could affect molecules in the malaria parasite [49]. The artemisinins have 
been deemed safe [50, 51]. The focus in this thesis is on artemether and 
dihydroartemisinin.  

Artemether is metabolized through cytochrome P450 (CYP) 2B6, 
CYP3A4/5, CYP2C9 and CYP2C19 also with a small contribution of 
CYP2A6 into dihydroartemisinin through demethylation. Dihydroartemisinin 
is metabolized through glucuronidation via uridine 
diphosphoglucurosyltransferas (UGT) A1, UGT1A9 and UGT2B7 [52–54]. 
Artemether induces CYP2C19 and CYP3A4 [55] resulting in an auto-
induction, where artemether induces its own metabolism. This has been 
shown for a 3 day artemether-lumefantrine treatment [56]. 

Artemether has a short half-life of approximately one hour (0.5-2.6 hours). 
The reported values on pharmacokinetic parameters varies greatly between 
studies, with an elimination clearance of 1.96-16 L/h/kg and an volume of 
distribution of 7.46-39.7 L/kg [57–62]. After administration of artemether, 
formed dihydroartemisinin has a similar half-life of 0.8-5.7 hours and an 
elimination clearance of 1.42-8.5 L/h/kg and a volume of distribution of 1.00-
10.1 L/kg [57–62]. 

1.3.3 Lumefantrine and desbutyl-lumefantrine 
Lumefantrine is structurally related to halofantrine and chloroquine, and is 
co-administrated with artemether in ACT. As with most antimalarials, the 
mechanism of action is unknown but might be similar to chloroquine’s 
(prevent detoxification of haematin) [29–33]. Lumefantrine is metabolized 
into desbutyl-lumefantrine for which the elimination is unknown. Both 
lumefantrine and desbutyl-lumefantrine exhibits antimalarial effects [63]. 
Recent studies have indicated that the antimalarial efficacy of desbutyl-
lumefantrine is greater than that of lumefantrine [63]. However, lumefantrine 
has 85-300 times higher exposure compared with desbutyl-lumefantrine and 
is probably responsible for most of the antimalarial-activity clinically [64, 
65]. Lumefantrine exposure is enhanced more than five times when 
administrated with a fat rich diet, and it has also been shown that 
lumefantrine exhibits dose dependent absorption [66, 67]. Concerns of the 
safety of lumefantrine have been raised, due to its relation to halofantrine 
which exhibits cardiotoxicity, but a study has found lumefantrine to be safe at 
standard doses [34, 68]. 

Richard Höglund 

9 

Lumefantrine has a long half-life of 2.7-7.2 days and the formed metabolite 
desbutyl-lumefantrine has a half-life of 6.0 days [65, 66, 69, 70]. The 
metabolism of lumefantrine into desbutyl-lumefantrine is mediated by 
CYP3A4 [61]. The elimination clearance of lumefantrine is low (<0.14 
L/h/kg) and the volume of distribution lies between 4.16 and 7.65 L/kg [65, 
69, 70]. The pharmacokinetics of desbutyl-lumefantrine has not been well 
characterised. A previous study by Salman et al. identified a high elimination 
clearance (14 L/h/kg) and a very high volume of distribution (1700 L/kg). 
Lumefantrine inhibits CYP2D6 [55]. Previous studies have attempted to link 
day 7 lumefantrine drug concentrations to therapeutically outcome and 
identified two cut off values. Price et al. used a cut off of 175 ng/mL and 
found that patients with a day 7 concentration below this cut off will have an 
increased risk of recrudescent malaria [71]. In a study by Ezzet et al. 75% of 
the patients with day 7 concentrations above 280 ng/mL had a successful 
treatment while only 51% of the patients with concentration below this cut 
off recovered fully from the infection [72]. 

1.3.4 Efavirenz, nevirapine and lopinavir 
Efavirenz is a NNRTI and is combined with two NRTIs in the treatment of 
HIV. WHO recommends efavirenz in combination with either tenofovir 
disoproxil fumarate /lamivudine (emtricitabine) or zidovudine/lamivudine as 
first line treatment in adults [73]. Previously, concerns have been raised 
regarding safety of efavirenz during pregnancy, but WHO removed this 
restriction in their latest recommendations [73]. However, some national 
guidelines have not yet changed [74]. 

Efavirenz is metabolized by several enzymes including CYP3A4 and 
CYP2B6. At the same time efavirenz induces both these enzymes as well, 
particularly CYP2B6, resulting in an increased metabolism over time [75–
77]. The half-life of efavirenz after a single dose is 52-76 hours while the 
half-life at steady-state is 40-55 hours [78]. The volume of distribution has 
been found to differ between males and females and the bioavailability is 
different in healthy volunteers compared with patients [79]. 

Nevirapine is also an NNRTI and is combined with two NRTIs in the same 
manner as efavirenz. Nevirapine is still widely used in HAART and is also 
used during pregnancy if the CD4 count is below 250 cells/µL, and to prevent 
the transmission of the virus from the mother to the child during birth [80, 
81].  



Population Pharmacokinetic-Pharmacodynamic Modelling of Antimalarial Treatment

8

unknown, but it has been hypothesised that the drug effect is dependent on
the endoperoxide bridge as a likely pharmacophore in the molecular
structure. Cleavage of this bridge by iron ions could result in radicals which
could affect molecules in the malaria parasite [49]. The artemisinins have
been deemed safe [50, 51]. The focus in this thesis is on artemether and
dihydroartemisinin.

Artemether is metabolized through cytochrome P450 (CYP) 2B6,
CYP3A4/5, CYP2C9 and CYP2C19 also with a small contribution of
CYP2A6 into dihydroartemisinin through demethylation. Dihydroartemisinin
is metabolized through glucuronidation via uridine
diphosphoglucurosyltransferas (UGT) A1, UGT1A9 and UGT2B7 [52–54]. 
Artemether induces CYP2C19 and CYP3A4 [55] resulting in an auto-
induction, where artemether induces its own metabolism. This has been
shown for a 3 day artemether-lumefantrine treatment [56].

Artemether has a short half-life of approximately one hour (0.5-2.6 hours).
The reported values on pharmacokinetic parameters varies greatly between 
studies, with an elimination clearance of 1.96-16 L/h/kg and an volume of
distribution of 7.46-39.7 L/kg [57–62]. After administration of artemether,
formed dihydroartemisinin has a similar half-life of 0.8-5.7 hours and an 
elimination clearance of 1.42-8.5 L/h/kg and a volume of distribution of 1.00-
10.1 L/kg [57–62].

1.3.3 Lumefantrine and desbutyl-lumefantrine
Lumefantrine is structurally related to halofantrine and chloroquine, and is
co-administrated with artemether in ACT. As with most antimalarials, the
mechanism of action is unknown but might be similar to chloroquine’s
(prevent detoxification of haematin) [29–33]. Lumefantrine is metabolized
into desbutyl-lumefantrine for which the elimination is unknown. Both 
lumefantrine and desbutyl-lumefantrine exhibits antimalarial effects [63]. 
Recent studies have indicated that the antimalarial efficacy of desbutyl-
lumefantrine is greater than that of lumefantrine [63]. However, lumefantrine
has 85-300 times higher exposure compared with desbutyl-lumefantrine and
is probably responsible for most of the antimalarial-activity clinically [64,
65]. Lumefantrine exposure is enhanced more than five times when 
administrated with a fat rich diet, and it has also been shown that
lumefantrine exhibits dose dependent absorption [66, 67]. Concerns of the
safety of lumefantrine have been raised, due to its relation to halofantrine
which exhibits cardiotoxicity, but a study has found lumefantrine to be safe at
standard doses [34, 68].
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Lumefantrine has a long half-life of 2.7-7.2 days and the formed metabolite 
desbutyl-lumefantrine has a half-life of 6.0 days [65, 66, 69, 70]. The 
metabolism of lumefantrine into desbutyl-lumefantrine is mediated by 
CYP3A4 [61]. The elimination clearance of lumefantrine is low (<0.14 
L/h/kg) and the volume of distribution lies between 4.16 and 7.65 L/kg [65, 
69, 70]. The pharmacokinetics of desbutyl-lumefantrine has not been well 
characterised. A previous study by Salman et al. identified a high elimination 
clearance (14 L/h/kg) and a very high volume of distribution (1700 L/kg). 
Lumefantrine inhibits CYP2D6 [55]. Previous studies have attempted to link 
day 7 lumefantrine drug concentrations to therapeutically outcome and 
identified two cut off values. Price et al. used a cut off of 175 ng/mL and 
found that patients with a day 7 concentration below this cut off will have an 
increased risk of recrudescent malaria [71]. In a study by Ezzet et al. 75% of 
the patients with day 7 concentrations above 280 ng/mL had a successful 
treatment while only 51% of the patients with concentration below this cut 
off recovered fully from the infection [72]. 

1.3.4 Efavirenz, nevirapine and lopinavir 
Efavirenz is a NNRTI and is combined with two NRTIs in the treatment of 
HIV. WHO recommends efavirenz in combination with either tenofovir 
disoproxil fumarate /lamivudine (emtricitabine) or zidovudine/lamivudine as 
first line treatment in adults [73]. Previously, concerns have been raised 
regarding safety of efavirenz during pregnancy, but WHO removed this 
restriction in their latest recommendations [73]. However, some national 
guidelines have not yet changed [74]. 

Efavirenz is metabolized by several enzymes including CYP3A4 and 
CYP2B6. At the same time efavirenz induces both these enzymes as well, 
particularly CYP2B6, resulting in an increased metabolism over time [75–
77]. The half-life of efavirenz after a single dose is 52-76 hours while the 
half-life at steady-state is 40-55 hours [78]. The volume of distribution has 
been found to differ between males and females and the bioavailability is 
different in healthy volunteers compared with patients [79]. 

Nevirapine is also an NNRTI and is combined with two NRTIs in the same 
manner as efavirenz. Nevirapine is still widely used in HAART and is also 
used during pregnancy if the CD4 count is below 250 cells/µL, and to prevent 
the transmission of the virus from the mother to the child during birth [80, 
81]. 



Population Pharmacokinetic-Pharmacodynamic Modelling of Antimalarial Treatment 

10 

Nevirapine induces CYP3A4 and CYP2B6 and is also metabolized by these 
enzymes [75, 77, 82, 83]. The resulting auto-induction gives a half-life of 
14.4-55.3 hours at steady state, while it is approximately 45 hours after a 
single dose [84–92]. Nevirapine’s pharmacokinetics has been thoroughly 
studied. In a recent study diet and body weights were identified as covariates 
influencing the pharmacokinetics [90]. 

Several studies have been performed to evaluate the impact of efavirenz and 
nevirapine on the efflux protein P-glycoprotein, and these studies have 
reached contradictory conclusions [93–97]. 

Lopinavir is a protease inhibitor and is usually combined with ritonavir. This 
combination inhibits CYP3A4 and UGTs 1A1, 1A3, 1A4, 1A6, 1A9, and 
2B7, and also induces CYPs 1A2, 2B6, 2C9, and 2C19 [77, 98, 99]. Some 
attempts have been made to evaluate the anti-malarial impact of ritonavir 
boosted lopinavir [100–102]. The anti-malarial effect of lopinavir observed in 
one study might be an effect of an interaction with artemether-lumefantrine. 

1.4 Pharmacokinetics and pregnancy 
Several physiological changes take place during pregnancy. The gastric 
empting and the motility of the small intestine is reported to be reduced 
[103]. However, several studies reports no differences in the gastric emptying 
for pregnant healthy women [104–107]. The cardiac output, and consequently 
the blood flow, is increased during pregnancy. The plasma volume and the 
water content in the body are increased. In addition, the expression of several 
enzymes and plasma proteins are changed [103, 108]. 

These changes may influence the pharmacokinetics of several drugs. The 
reduction in the gastric emptying and intestine motility will prolong the 
absorption and might change the time to reach the maximum blood 
concentration. These changes will not have any direct effect on the 
bioavailability, but the bioavailability might be affected by other 
characteristics of pregnancy (e.g. vomiting). The increased plasma and water 
volume will increase the volume of distribution of the drugs, and the changes 
in enzyme expression might impact the elimination of the drugs. This could 
have consequences for the exposure of the drugs [103, 108]. In a pregnancy 
the plasma albumin concentration will decrease which might lead to an 
increased free drug concentration for albumin-bound drugs [103]. 

For anti-malarial drugs, several studies have tried to identify clinically 
important changes in the pharmacokinetics during pregnancy. Artesunate, 
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artemether, dihydroartemisinin, lumefantrine, sulphadoxine, atovaquone,
proguanil and cycloguanil have all been shown to have a reduced exposure in
pregnant women [43, 60, 70, 109–114]. In contrast, no differences in the
exposure have been found for quinine, amodiaquine/desethylamodiaquine or
piperaquine [43, 115].

1.5 HIV-malaria co-infection
HIV and malaria are both common diseases in Africa, south of Sahara. A
consequence of the similar spread of the two diseases is a high risk of
individuals contracting both diseases at the same time. HAART treatment of
HIV is a lifelong treatment, it also very probable that people living in high
transmission areas of malaria will contract a malaria infection. This leads to
a situation when two diseases are treated at the same time, which might lead
to the interactions between the involved drugs. It has also been shown that a
HIV infection will increase the risk to progress to the severe state of malaria
and also aggravates the malaria infection during pregnancy [116, 117].

1.6 Drug-drug interactions
One drug can affect the absorption, distribution, metabolism and/or
elimination of another drug. The clinically most important interactions are
those affecting the exposure of other drugs. An increased exposure may 
increase the risk of adverse events, while a lowered exposure may result in a
failed treatment.

The interactions between antimalarial and antiretroviral drugs have been
studied in the past. It has been shown that especially efavirenz will have a
large impact on the outcome of the antimalarial therapy of artemether-
lumefantrine, and also decreasing the exposure of the antimalarial drugs [39, 
118]. The studies on nevirapine are more contradictive [118, 119]. Kredo et
al. shows an increase in lumefantrine exposure and a lowering of the
artemether and dihydroartemisinin exposures. Byakika-Kibwika et al.
showed similar results for artemether and dihydroartemisinin, with a lowered
exposure, but in contrast to Kredo et al. found a trend of lower lumefantrine
exposure, however not significant.

The impact of artemether-lumefantrine on the pharmacokinetics of nevirapine
has also been studied, with contradictive results. Svensson et al. did not find
any impact of artemether-lumefantrine on the exposure of nevirapine, while
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Byakika-Kibwika et al. showed a lowered exposure of nevirapine during the 
co-administration  [90, 118].  

Ritonavir boosted lopinavir has previously been shown to lower the number 
of recrudescent malaria episodes and to increase the exposure of lumefantrine 
[102, 120, 121]. 

1.7 Pharmacometrics 
The field of pharmacometrics (quantitative pharmacology) started in the 
1970s and has been of increased use and focus during the last decade. The 
aim of pharmacometrics is to describe and quantify interactions between a 
biological system and one or more drugs. This is done by developing 
mathematical and statistical models to describe the processes in the body. 
Models range from very simple models to very complex models, and the 
appropriate one depends on the objective of the analysis. 

Traditional pharmacokinetics are inconvenient to utilize on large quantities of 
data, and/or if the data are sparse (2-3 samples per individual), and might 
result in inaccurate findings. A pharmacometric approach utilizes all the data, 
at all time points and for all individuals, thereby increasing the power to 
describe the system. The most commonly used program for population based 
pharmacokinetic and/or pharmacodynamic analysis is NONMEM, but other 
software such as Monolix and ADAPT are also available [122, 123]. 

Pharmacometric data are usually analysed through a non-linear mixed effect 
approach, which contains both fixed effects and random effects [124]. 

1.7.1 Pharmacometric models 
Equation 1 presents the general equation for a non-linear mixed effect model: 

)),,,,(,()),,,(,( ijiiiijiiijijij zxgtrzxgtfy εηθηθ (=  (1) 

where yij is the observed value for individual i at observation j, f() is the 
function describing the structural model (e.g. a one compartment disposition 
model with first order absorption), tij is the independent variable (often time), 
g() is the vector function describing the parameters in the structural model for 
individual i at observation j, θ is the typical values of the parameters, ηi is the 
random effect for individual i, xi is the vector of discrete design variables for 
individual i (e.g. dose) and zi is the vector of covariate values for individual i 
used in the structural model. r() is the function of the residual variability 
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(unknown variability) and εij is the difference between the true observation 
and the predicted value for individual i at observation j. 

The equation can be divided into three components: a structural model, a 
statistical model and a covariate model. The covariate model is sometimes 
ignored depending on the available data.  

Structural model 
The structural model in a pharmacokinetic (or pharmacodynamic) system 
describes the typical individual in a population. A pharmacokinetic structural 
model describes the absorption, distribution and elimination of a drug. Other 
types of structural model could describe for example enzymatic auto-
induction. Equation 2 gives an example of this, describing a one-
compartment disposition model after intravenous administration; 

 

 (2) 

 

where xdose,i is the intravenous dose given for individual i, θV is the typical 
value of the volume of distribution and θCL is the typical value of the 
elimination clearance. 

Statistical model 
The statistical model consists of two main parts; the between-subject 
variability and the residual variability. The between-subject variability 
describes differences between the individual pharmacokinetic profile and the 
population profile, by identifying variability between subjects in different 
parameters [124]. This variability can be included in different ways of which 
an exponential model is most common (Equation 3): 
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where Pp,i is the value of parameter P for individual i. θp is the typical value 
of parameter P and ηi is the between-subject variability for individual i. ηi is 
drawn from a normal distribution with the mean 0 and the variance ω2(ηi 
~N(0, ω2)). This will result in an individual parameter which is log-normally 
distributed. The advantage of this, compared with an additive between-
subject variability, is that the individual parameter estimate will never be 
below zero. 
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Without inclusion of IV data, the true bioavailability of an oral drug cannot 
be known. Therefore, all estimated clearance and volume parameters are the 
parameters divided by the bioavailability (e.g. CL/F or V/F, where F is the 
bioavailability). Since the bioavailability differs between individuals, it is 
still possible to estimate a between-subject variability on the bioavailability, 
even though it is not possible to estimate the bioavailability itself. The 
resulting parameter is not a true bioavailability, but a relative bioavailability 
showing how individuals differ from the population mean. 

In some instances a parameter might take different values at different 
occasions in the same individual. This is known as between-occasion 
variability and is exemplified in equation 4 If the between-occasion 
variability is not taken into account it might result in biased parameter 
estimates [125]. 

kieP Ppik
κηθ (⋅= (4) 

where κk is the between-occasion variability for occasion k. κk is drawn from 
a normal distribution with mean 0 and variance π2. In the equation above the 
different occasions could for example be dosing occasions or different follow 
up visits. 

If a pharmacometric analysis contains data from several (>20) different 
clinical studies, a third type of variability may be considered: the inter-study 
variability [126]. 

The residual variability describes the variability which cannot be explained in 
any other way. This could be due to model misspecification, error in the 
chemical analysis, error in sampling times, etc. The residual variability could 
be included in different ways. The most common is the additive residual error 
(Equation 5) and the proportional residual error (Equation 6). 

ijijkij IPREDy ε(= (5) 

ijijkij IPREDIPREDy ε⋅(= (6) 

where IPREDijk is the predicted value (e.g. concentration) for individual i at 
observation j and occasion k. 

Covariate identification 
Covariates are chemical, physiological or demographic properties which 
affect the pharmacokinetics and/or pharmacodynamics of a drug. In a model 
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without covariates these effects are included into the between-subject
variability or residual variability instead. There are multiple types of
covariates and they can be divided into continuous or categorical covariates. 
Several continuous covariates are commonly collected in clinical trials, such
as body weight, age and parasite count. Categorical covariates are properties
which can take two or more distinct values. A common categorical covariate 
is sex, but another important covariate is pregnancy. Some covariates can be
both categorical and continuous depending on how they are collected. For
example, pregnancy is a categorical covariate if it is only known if the patient
is pregnant or not. However, one could also include information on how
many weeks the women has been pregnant (estimated gestational age) which 
would be a continuous covariate.

Adding covariates to a model can explain and gives mechanistic
understanding of the between-subject variability in the model. Adding 
covariates could also help in identifying populations at risk for, for example, 
a failed treatment. Covariates can be included in different ways, for
continuous covariates the most common is a linear model centered on the
covariate mean (Equation 7):

))(1( cov miPi COVCOVP −⋅(⋅= θθ (7)

where θcov is the estimated covariate impact on the parameter for each step in
covariate value, COVi is the covariate value for individual i and COVm is the
median covariate value in the studied population.

Categorical covariates could be included as in equation 8:

))(1( _cov_ icatcatPi COVP ⋅(⋅= θθ (8)

where θcat_cov is the percentage difference in the parameter value between the
different categories and COVcat_i is the covariate indicating which category
patient i belongs to.

Some covariates are commonly included with an allometric function (e.g. 
body weight), according to equation 9 [127, 128].
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where EXP is an exponent describing the slope of the relationship between 
the parameter and the covariate. 

Usually covariates take a specific value throughout a trial but in some 
instances the covariate will change with time. This is called a time varying 
covariate and this can also be incorporated into a model [129]. 

1.7.2 Pooled analysis 
A pharmacometric analysis gives the opportunity to pool large quantities 
from different clinical trials together, and in this way maximize the power to 
detect covariates and to identify complex models [130]. 

There are different approaches to analyse a pooled data set. The most 
common is to analyse all data simultaneously. Svensson et al. presented an 
alternative approach in which each study is given a score depending on how 
much information it contains [90]. Thereafter, the highest scoring study is 
analysed first and then the less informative studies are added one by one until 
all data have been included in the model. 

1.7.3 Time-to-event model 
The efficacy (pharmacodynamics) of a drug could be evaluated through a 
time-to-event analysis, also known as survival analysis. In a time-to-event 
analysis the probability of having a certain event at a specific time is 
modelled. An event could constitute a number of different things: a 
recrudescent malaria infection, recovery from disease, death etc. The risk of 
getting an event depends on the survival function, which is dependent on the 
cumulative hazard. In the case of recrudescent malaria the hazard would be 
the number of recrudescent infections per time unit and the cumulative 
hazard would be the total number of infections over a given time. Mo- 
delling of time-to event data is a new technique in the analysis of 
antimalarial drugs pharmacodynamics, first used by Tarning et al.  [131]. 

The cumulative hazard is the accumulated hazard over time. This depends on 
a baseline hazard which could be modelled in several different ways. The 
most common is the exponential hazard model (Equation 10) which gives a 
constant hazard over time. The Weibull hazard model (Equation 11), is 
another way of describing the hazard, in which it will change over time. This 
model depends on a baseline hazard (λ) and a shape parameter (α). If the 
shape parameter is 1 the baseline hazard is constant, if it is greater than 1 the 
hazard will increase over time and if it is below 1 the hazard will decrease 
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over time. A third type of hazard model is the Gompertz model (Equation 12) 
in which the hazard will decrease over time.
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where h(t) is the hazard at time t.

The survival function describes the probability to survive (not having an
event) beyond time t, calculated according to equation 13.

(13)

where S(t) is the survival at time t and h(u) is the hazard at time u (between 0 
and t).

It is possible to investigate the impact of the drug levels on the outcome of a 
treatment by linking the time-to-event model to a model for the
pharmacokinetics of the drug. This is usually performed by adding an Emax-
model to the hazard according to equation 14. This will result in a change in
hazard with changes in drug concentrations, high drug concentrations will 
give a low hazard (a low chance of getting the event) and low drug
concentrations will give a higher hazard (a higher chance to get an event),

(14)

where h(t)i is the hazard for individual i at time t, Concit is predicted
concentration for individual i and time t, IC50 is the concentration which
reduces the hazard with 50% and γ is the Hill-factor describing the shape of
the curve. In the Weibull and Gompertz models it might be difficult to
distinguish between the drug effect and the hazard without placebo data.
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where EXP is an exponent describing the slope of the relationship between 
the parameter and the covariate. 
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2 AIM 

The aim of the thesis was to investigate the pharmacokinetic and 
pharmacodynamic properties of antimalarial treatment and to optimise the 
treatment in different populations. The aim can be divided into the following 
specific aims: 

1. To investigate the impact of pregnancy on the 
pharmacokinetics of piperaquine.  
 

2. To develop a new optimised dose regimen for piperaquine. 
 

3. To characterize the difference in outcome for patients with 
multi-drug resistant malaria, in different provinces in 
Cambodia and to link these differences to the predicted drug 
concentrations of piperaquine. 
 

4. To investigate the impact of concomitant antiretroviral 
therapy on the pharmacokinetics of artemether, 
lumefantrine, and their respective metabolites 
dihydroartemisinin and desbutyl-lumefantrine, and to 
simulate new doses if necessary. 
 

5. To investigate the impact of concomitant treatment with 
artemether-lumefantrine on the pharmacokinetics of 
efavirenz and nevirapine, and to simulate new doses if 
necessary. 
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3 PATIENTS AND METHODS 

3.1 Patients and study design 

3.1.1 Effect of pregnancy on the pharmacokinetics 
of piperaquine 

The study was conducted at the New Halfa teaching hospital in New Halfa, 
Sudan. The study was a parallel study with 12 age- and weight-matched 
pregnant and 12 non-pregnant women. All women received a three day 
treatment of dihydroartemisinin-piperaquine tetra-phosphate (Duo Cotecxin, 
40 mg/320 mg tablets, Beijing Holley-Cotec Pharmaceuticals, Co., Ltd.) with 
the number of tablets based on the women’s weight. All women had 
symptomatic uncomplicated P. falciparum malaria and gave their consent 
before being enrolled in the study. The pregnant women were in the second 
or third trimester. Blood samples were collected pre-dose and at 1.5, 4, 8, 24, 
25.5, 28, 32, 48, 49, 50, 52, 56, 60, 72 h after the first dose and on days 5, 7, 
14, 21, 28, 35, 42, 49, 56, 63 and 90. All samples were kept on ice and 
transported to Bangkok for chemical analysis [132]. The study received 
ethical approval from the College of Medical and Technical Studies, 
Khartoum, Sudan. 

The plasma samples were analysed with liquid chromatography (agilent 
1200) with a tandem mass-spectrometer detection (API 5000) according to a 
previous published study [133]. 

3.1.2 Pharmacokinetic and pharmacodynamic 
properties of piperaquine in a pooled 
analysis 

Data from ten previously published studies were collected (through the 
worldwide antimalarial network) and pooled [41–44, 132, 134–138]. The 
data available from the ten studies are presented in Table 1. The patients were 
between 0.56 and 55 years of age and with body weights ranging between 6.3 
and 81 kg. Both healthy volunteers and patients were included in the studies. 
All individuals received dihydroartemisinin-piperaquine tetra-phosphate, but 
the dose regimens differed between the different studies. In one study, the 
concentrations were measured in capillary blood while the concentrations in 
the rest of the studies were measured in venous blood. Both men and women 
were included in the studies. The chemical analysis and the lower limit of 
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quantification differed between the studies. The ten clinical trials in this 
analysis all had ethical approval from the concerned authorities, listed in 
Table 1. 

3.1.3 Pharmacokinetic and pharmacodynamic 
properties of piperaquine and markers for 
resistance 

This study was performed at three different sites in Cambodia, one in the 
west (Pursat province), one in the north (Preah province) and one in the east 
(Ratanikiri province). One-hundred four patients between 2 and 59 years of 
age were recruited. All patients were infected with P. falciparum malaria. 
Patients received a three day treatment of dihydroartemisinin-piperaquine 
tetra-phosphate (40/320 mg, Duo-Cotecxin®; Holleypharma, P.R. China). 
Capillary blood samples were collected pre-dosing and at days 7, 14, 21, 28, 
35, 42, 49, 56, and 63 post-dosing. At these follow up visits any recrudescent 
malaria were diagnosed and noted. Patients with recrudescent malaria got a 
rescue treatment consisting of artesunate-mefloquine. The piperaquine 
concentrations in the capillary blood samples were analysed as presented in a 
previously published method [133]. The study received ethical approval from 
the Cambodia’s National Ethics Committee for health research and the 
national Institute of Allergy and Infectious Diseases Institutional Review 
Board, United States of America. 

3.1.4 Interaction between antimalarial and 
antiretroviral drugs 

The data were collected from two studies conducted in Uganda. The first 
study included 31 individuals and had a parallel study design with two arms. 
The first arm was with HIV-infected patients who had not started their 
antiretroviral therapy yet. The patients in the second arm were already being 
treated with ritonavir boosted lopinavir, combined with two nucleoside 
reverse transcriptase inhibitors (zidovudine and didanosine, or tenofovir and 
emtricitabine, regional non-controlled procurement). Both arms received a 
single dose of 80 mg artemether and 480 mg lumefantrine (four tablets) 
(Coartem®, Novartis Pharma AG, Basel, Switzerland; Batch number: F0660) 
and samples were collected at 1, 2, 4, 6, 8, 12, 24, 48, and 72 hours post dose 
and analysed for artemether, dihydroartemisinin, and lumefantrine 
concentrations according to previously published methods [139, 140]. 

The second study was a cross-over study divided into three phases. All 
patients (n=58) were HIV-infected and had not started HIV-therapy yet. In 
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the first phase, all patients received a standard treatment of artemether-
lumefantrine (80/480 mg twice daily for three days; Coartem®). Plasma 
samples were collected after the last dose. Thereafter, the HIV therapy was 
initiated which consisted of either efavirenz (600 mg) or nevirapine (200 
mg), combined with the nucleoside reverse transcriptase inhibitors 
zidovudine and lamivudine. The HIV-therapy was administrated for 
approximately one month. In the second phase of the study, samples were 
collected after a dose of efavirenz or nevirapine. Samples were collected 
every two hours, up to twelve hours post dosing, when the next dose was 
given. For efavirenz, an additional sample was taken after 24 hours. The 
patients continued on their anti-retroviral therapy and received a three day 
treatment of artemether-lumefantrine in the third phase. Blood samples were 
collected after the last dose. The samples collected were analysed for 
artemether, dihydroartemisinin, lumefantrine, efavirenz and nevirapine 
concentrations. The chemical analyses of the antimalarial drugs were 
conducted in Bangkok, Thailand, and the anti-retroviral drugs in Kampala, 
Uganda. The analytical method for nevirapine has previously been published 
[93]. The analytical method for efavirenz is unpublished [118]. The lower 
limits of quantification for the analyses were 450 ng/mL for nevirapine and 
110 ng/mL for efavirenz. 

At a later time point, the samples were analysed for desbutyl-lumefantrine, 
and only a subset of all samples was chosen for this analysis (due to a later 
analysis). The chemical analysis method for desbutyl-lumefantrine has not 
been published but was performed using liquid chromatography 
(agilent1200) coupled with a tandem mass spectrometer, and has a lower 
limit of quantification of 1.0 ng/mL (see Paper IV for further details).  

Ethical approvals for the two studies were 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 also registered with 
ClinicalTrials.gov (NCT 00619944). 
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3.2 Pharmacometric and statistical analyses 
All studies were analysed using a nonlinear mixed-effects modelling 
approach. The data were analysed using the software NONMEM (v. VI-7.3) 
[141, 142]. PsN (Perl speaks NONMEM v. 3.4.2-3.5.3) and Pirana (v. 2.6.0) 
were used to facilitate the modelling process and to perform model 
diagnostics [143, 144]. The statistical program R (v. 2.14.2) with the package 
Xpose (v. 4.04-4.35) was used for statistical tests and graphical evaluations 
[145]. 

To increase numerical stability, the concentration measurements were 
transformed into their natural logarithms. Different disposition models were 
evaluated to describe the data. Depending on the data, one-, two-, three-, and 
four- compartment disposition models were investigated. Different 
absorption models were also evaluated: first-order absorption, first order 
absorption with lag time, zero-order absorption, sequential zero and first 
order absorption, and transit compartment models were investigated [146]. 

Between-subject variability was accounted for using exponential models. The 
residual error was described by an additive model on logarithmic data. The 
bioavailability was fixed to 100% but with an estimated between-subject 
variability to quantify the individual relative bioavailability. Between-
occasion variability between dosing days was also evaluated if data allowed. 
Covariates were tested in a step-wise manner with a forward step (p=0.05) 
and a more stringent backward step (p = 0.01 or 0.001). Body weight was 
included as covariate on all clearance and volume parameters, modelled as an 
allometric function with an exponent of 0.75 and 1, respectively [127, 128]. 

Discrimination between models were based on the objective function values. 
The objective function value in NONMEM is proportional to –2*log 
likelihood of the observed data given the estimated parameter values. The 
difference in objective function value between two nested models is 
approximately χ2 distributed. A drop of 3.84 in objective function value 
between two nested models, when adding one extra model parameter (one 
degree of freedom) is significant on a 5% significance level. Models were 
also evaluated graphically, through goodness-of-fit plots, and by simulation 
based diagnostics (visual predictive checks) [147]. If necessary, prediction 
correction and variance correction were used in the simulation based 
diagnostics [148]. The precision of final parameter estimates were evaluated 
by using non-parametric bootstraps. The shrinkage of the individual 

Po
pu

la
tio

n 
Ph

ar
m

ac
ok

in
et

ic
-P

ha
rm

ac
od

yn
am

ic
 M

od
el

lin
g 

of
 A

nt
im

al
ar

ia
l T

re
at

m
en

t 

22
 

Ta
bl

e 1
. D

em
og

ra
ph

ic
 d

at
a 

of
 st

ud
y p

op
ul

at
io

n 
fo

r t
he

 p
oo

le
d 

an
al

ys
is.

 

St
ud

y 
Po

pu
la

tio
n 

Co
un

tr
y 

Nu
m

be
r o

f 
su

bj
ec

ts
 

W
ei

gh
t 

Ag
e 

Fe
m

al
e 

(%
) 

Pr
eg

na
nt

 
(%

) 
M

al
ar

ia
 

in
fe

ct
io

n 
Do

se
 R

eg
im

en
 

Nu
m

be
r o

f 
sa

m
pl

es
 

Sa
m

pl
es

 p
er

 su
bj

ec
t 

(m
ed

ia
n 

[r
an

ge
]) 

Ve
no

us
/C

ap
ill

ar
y 

m
ea

su
rm

en
ts

 
Et

hi
cs

 
Re

fe
re

nc
e 

1 
Pr

eg
na

nt
 a

nd
 n

on
-

pr
eg

na
nt

 w
om

en
 

Th
ai

la
nd

 
48

 
36

-7
8 

18
-

45
 

10
0 

50
 

Pf
 

3 
do

se
s o

ve
r 3

 d
ay

s 
1,

25
0 

33
[2

3-
34

] 
Ve

no
us

 
M

UT
M

 2
00

7-
11

1 
  

an
d 

Ox
TR

EC
 0

17
-0

7 
[4

3]
 

2 
Pr

eg
na

nt
 a

nd
 n

on
-

pr
eg

na
nt

 w
om

en
 

Su
da

n 
24

 
44

-8
1 

16
-

43
 

10
0 

50
 

Pf
 

3 
do

se
s o

ve
r 3

 d
ay

s 
58

9 
26

 [9
-3

0]
 

Ve
no

us
 

Co
lle

ge
 o

f M
ed

ica
l 

an
d 

Te
ch

ni
ca

l 
st

ud
ie

s K
ha

rt
ou

m
 

[1
32

] 

3 
Ad

ul
ts

 
Vi

et
na

m
 

18
 

31
-5

5 
16

-
49

 
33

.3
 

0 
Pf

 
2 

do
se

s o
ve

r 2
 d

ay
s 

18
 

1 
Ve

no
us

 

Vi
et

na
m

 P
eo

pl
e’

s 
Ar

m
y D

ep
ar

tm
en

t o
f 

M
ili

ta
ry

 M
ed

ici
ne

,  
Vi

et
na

m
 M

in
ist

ry
 o

f 
He

al
th

 a
nd

  
th

e 
A

D
HR

EC
 (N

o.
 

50
7/

8)
 

[1
38

] 

4 
Ad

ul
t  

Th
ai

la
nd

 
30

 
39

-7
3 

18
-

55
 

13
.3

 
0 

Pf
 

3 
do

se
s o

ve
r 3

 d
ay

s 
1,

03
8 

36
[2

7-
37

] 
Ve

no
us

 
Ox

TR
EC

 a
nd

  
th

e 
EC

FT
M

 
[4

2]
 

5 
Ad

ul
t  

Vi
et

na
m

 
12

 
47

.5
-7

5 
19

-
51

 
0 

0 
Pf

 
3 

do
se

s o
ve

r 3
 d

ay
s 

24
0 

20
 

Ve
no

us
 

Re
vie

w
 a

nd
 

Sc
ie

nt
ifi

c B
oa

rd
 o

f 
M

ili
ta

ry
 H

os
pi

ta
l 

17
5 

an
d 

 
th

e 
A

D
HR

EC
 (N

o.
 

37
9/

05
) 

[1
36

] 

6 
Ch

ild
re

n 
an

d 
ad

ul
ts

 
Th

ai
la

nd
 

98
 

12
-7

4 
3-

55
 

39
.8

 
0 

Pf
 

3 
or

 4
 d

os
es

 o
ve

r 3
 d

ay
s 

48
2 

5[
3-

10
] 

Ve
no

us
 

EC
FT

M
 a

nd
  

th
e 

Ox
TR

EC
 

[4
1]

 

7 
Ch

ild
re

n 
Bu

rk
in

a 
Fa

so
 

23
6 

8-
34

 
2-

10
 

44
.7

 
0 

Pf
 

3 
do

se
s o

ve
r 3

 d
ay

s 
2,

47
1 

11
 [4

-1
2]

 
Ca

pi
lla

ry
 

CE
IM

 a
nd

  
th

e 
CH

RU
C 

[4
4]

 

8 
Ch

ild
re

n 
Ke

ny
a 

10
5 

6.
3-

20
.7

 
0.

58
-

4.
9 

56
.2

 
0 

Pf
 

3 
do

se
s o

ve
r 3

 d
ay

s 
10

5 
1 

Ve
no

us
 

NK
EM

RI
ER

C,
 th

e 
Ox

TR
EC

 a
nd

  
th

e 
EC

HU
SM

 
[1

34
] 

9 
He

al
th

y a
du

lts
 

Vi
et

na
m

 
24

 
56

-7
0 

18
-

29
 

0 
0 

He
al

th
y 

Si
ng

le
 d

os
e 

82
4 

17
[1

6-
18

] 
Ve

no
us

 

Re
vie

w
 a

nd
 

Sc
ie

nt
ifi

c B
oa

rd
 o

f 
Ce

nt
ra

l M
ili

ta
ry

 
Ho

sp
ita

l 1
08

 a
nd

  
th

e 
A

D
HR

EC
 (N

o.
 

43
7/

06
) 

[1
35

] 

10
 

He
al

th
y a

du
lts

 
Vi

et
na

m
 

26
 

54
-7

0 
19

-
24

 
0 

0 
He

al
th

y 
Si

ng
le

 d
os

e 
an

d 
3 

do
se

s o
ve

r 3
 d

ay
s 

49
5 

19
.5

[1
8-

20
] 

Ve
no

us
 

Re
vie

w
 a

nd
 

Sc
ie

nt
ifi

c B
oa

rd
 o

f 
Ce

nt
ra

l M
ili

ta
ry

 
Ho

sp
ita

l 1
08

 a
nd

  
th

e 
A

D
HR

EC
 

[1
37

] 

To
ta

l: 
NA

 
NA

 
62

1 
6.

3-
81

 
0.

58
-

55
 

45
.6

 
5.

80
 

NA
 

NA
 

7,
51

2 
11

[1
-3

7]
 

NA
 

NA
 

NA
 

St
ud

y 
is 

th
e 

nu
m

be
r d

es
ig

na
te

d 
to

 th
e 

stu
dy

. F
em

al
e 

(%
) r

ep
re

se
nt

s 
th

e 
pr

op
or

tio
n 

of
 fe

m
al

es
 in

 th
e 

stu
dy

. P
re

gn
an

t (
%

) r
ep

re
se

nt
s 

th
e 

pr
op

or
tio

n 
of

 p
re

gn
an

t w
om

en
 o

f t
he

 to
ta

l p
op

ul
at

io
n 

in
 th

e 
stu

dy
. M

al
ar

ia 
in

fe
ct

io
n 

in
di

ca
te

s i
f t

he
 su

bj
ec

t w
er

e 
he

alt
hy

 o
r s

ick
, P

f s
ta

nd
s f

or
 a

 P
la

sm
od

iu
m

 fa
lc

ip
ar

um
 in

fe
ct

io
n.

 V
en

ou
s/C

ap
ill

ar
y 

m
ea

su
re

m
en

ts 
in

di
ca

te
s i

n 
w

ha
t m

at
rix

 th
e 

sa
m

pl
es

 w
er

e 
ta

ke
n.

 E
th

ics
 in

di
ca

te
s w

ho
 is

su
ed

 th
e 

et
hi

ca
l a

pp
ro

va
l. 

O
xT

RE
C 

is 
th

e O
xf

or
d 

Tr
op

ica
l R

es
ea

rc
h 

Et
hi

cs
 C

om
m

itt
ee

, A
D

H
RE

C 
is 

th
e 

A
us

tra
lia

n 
D

ef
en

ce
 H

um
an

 R
es

ea
rc

h 
Et

hi
cs

 C
om

m
itt

ee
, E

CF
TM

 is
 th

e 
Fa

cu
lty

 o
f T

ro
pi

ca
l M

ed
ic

in
e 

M
ah

id
ol

 U
ni

ve
rs

ity
 E

th
ica

l C
om

m
itt

ee
, C

EI
M

 

is 
th

e 
Co

m
ite

 d
’E

th
iq

ue
 In

sti
tu

tio
nn

el
 d

u 
ce

nt
re

 M
ur

az
, C

H
RU

C 
is 

th
e 

Co
m

m
itt

ee
 o

n 
H

um
an

 R
es

ea
rc

h 
of

 th
e 

U
ni

ve
rs

ity
 o

f C
al

ifo
rn

ia,
 N

KE
M

RI
ER

C 
is 

th
e 

N
at

io
na

l K
EM

RI
 E

th
ica

l R
ev

ie
w

 C
om

m
itt

ee
 a

nd
 E

CH
U

SM
 is

 th
e 

Et
hi

cs
 C

om
m

itt
ee

 H
eid

el
be

rg
 U

ni
ve

rs
ity

 S
ch

oo
l o

f M
ed

ici
ne

. 



Population Pharmacokinetic-Pharmacodynamic Modelling of Antimalarial Treatment 

20 

quantification differed between the studies. The ten clinical trials in this 
analysis all had ethical approval from the concerned authorities, listed in 
Table 1. 

3.1.3 Pharmacokinetic and pharmacodynamic 
properties of piperaquine and markers for 
resistance 

This study was performed at three different sites in Cambodia, one in the 
west (Pursat province), one in the north (Preah province) and one in the east 
(Ratanikiri province). One-hundred four patients between 2 and 59 years of 
age were recruited. All patients were infected with P. falciparum malaria. 
Patients received a three day treatment of dihydroartemisinin-piperaquine 
tetra-phosphate (40/320 mg, Duo-Cotecxin®; Holleypharma, P.R. China). 
Capillary blood samples were collected pre-dosing and at days 7, 14, 21, 28, 
35, 42, 49, 56, and 63 post-dosing. At these follow up visits any recrudescent 
malaria were diagnosed and noted. Patients with recrudescent malaria got a 
rescue treatment consisting of artesunate-mefloquine. The piperaquine 
concentrations in the capillary blood samples were analysed as presented in a 
previously published method [133]. The study received ethical approval from 
the Cambodia’s National Ethics Committee for health research and the 
national Institute of Allergy and Infectious Diseases Institutional Review 
Board, United States of America. 

3.1.4 Interaction between antimalarial and 
antiretroviral drugs 

The data were collected from two studies conducted in Uganda. The first 
study included 31 individuals and had a parallel study design with two arms. 
The first arm was with HIV-infected patients who had not started their 
antiretroviral therapy yet. The patients in the second arm were already being 
treated with ritonavir boosted lopinavir, combined with two nucleoside 
reverse transcriptase inhibitors (zidovudine and didanosine, or tenofovir and 
emtricitabine, regional non-controlled procurement). Both arms received a 
single dose of 80 mg artemether and 480 mg lumefantrine (four tablets) 
(Coartem®, Novartis Pharma AG, Basel, Switzerland; Batch number: F0660) 
and samples were collected at 1, 2, 4, 6, 8, 12, 24, 48, and 72 hours post dose 
and analysed for artemether, dihydroartemisinin, and lumefantrine 
concentrations according to previously published methods [139, 140]. 

The second study was a cross-over study divided into three phases. All 
patients (n=58) were HIV-infected and had not started HIV-therapy yet. In 
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3.2 Pharmacometric and statistical analyses 
All studies were analysed using a nonlinear mixed-effects modelling 
approach. The data were analysed using the software NONMEM (v. VI-7.3) 
[141, 142]. PsN (Perl speaks NONMEM v. 3.4.2-3.5.3) and Pirana (v. 2.6.0) 
were used to facilitate the modelling process and to perform model 
diagnostics [143, 144]. The statistical program R (v. 2.14.2) with the package 
Xpose (v. 4.04-4.35) was used for statistical tests and graphical evaluations 
[145]. 

To increase numerical stability, the concentration measurements were 
transformed into their natural logarithms. Different disposition models were 
evaluated to describe the data. Depending on the data, one-, two-, three-, and 
four- compartment disposition models were investigated. Different 
absorption models were also evaluated: first-order absorption, first order 
absorption with lag time, zero-order absorption, sequential zero and first 
order absorption, and transit compartment models were investigated [146]. 

Between-subject variability was accounted for using exponential models. The 
residual error was described by an additive model on logarithmic data. The 
bioavailability was fixed to 100% but with an estimated between-subject 
variability to quantify the individual relative bioavailability. Between-
occasion variability between dosing days was also evaluated if data allowed. 
Covariates were tested in a step-wise manner with a forward step (p=0.05) 
and a more stringent backward step (p = 0.01 or 0.001). Body weight was 
included as covariate on all clearance and volume parameters, modelled as an 
allometric function with an exponent of 0.75 and 1, respectively [127, 128]. 

Discrimination between models were based on the objective function values. 
The objective function value in NONMEM is proportional to –2*log 
likelihood of the observed data given the estimated parameter values. The 
difference in objective function value between two nested models is 
approximately χ2 distributed. A drop of 3.84 in objective function value 
between two nested models, when adding one extra model parameter (one 
degree of freedom) is significant on a 5% significance level. Models were 
also evaluated graphically, through goodness-of-fit plots, and by simulation 
based diagnostics (visual predictive checks) [147]. If necessary, prediction 
correction and variance correction were used in the simulation based 
diagnostics [148]. The precision of final parameter estimates were evaluated 
by using non-parametric bootstraps. The shrinkage of the individual 
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estimates was calculated and evaluated to determine the reliability of the 
individual parameters estimates [149]. 

3.2.1 Effect of pregnancy on the pharmacokinetics 
of piperaquine 

Due to the low number of patients in the study, a Monte Carlo mapped power 
(MCMP) analysis [150] was performed. This analysis was based on a 
previous model for pregnant and non-pregnant women in Thailand, to 
determine if the present design could identify the previously identified 
covariates [43]. The effect of pregnancy on the pharmacokinetics of 
piperaquine was analysed with a full covariate approach. A full covariate 
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where Pi is the individual parameter estimate for the ith subject, θCL is the 
population value of the elimination clearance, MF50 is maturation half-life, 
and Hill is the Hill-coefficient describing the slope of the maturation. 

Several covariates were evaluated: weight, sex and disease effect, and the 
covariate effects were visualized using simulations in Berkley Madonna 
[151]. Simulations of different dose regimens (using 1000 stochastic 
simulations per kg of body weight in NONMEM) were performed to 
optimise the treatment in populations of interest. 

3.2.3 Pharmacokinetic and pharmacodynamic 
properties of piperaquine and markers for 
resistance 

Due to the sparse nature of the samples in this study, a prior approach were 
undertaken. The prior model was based on a previous model by Tarning et al. 
[42]. The prior model was developed on concentrations measured in venous 
blood. Therefore, the conversion term from the meta-analysis was added to 
the model. The pharmacodynamic data was modelled using a time-to-event 
approach, in which a constant hazard model, a Weibull model and a 
Gompertz model were evaluated to describe the baseline hazard. The patients 
were followed up at fixed time intervals and the exact time of a recrudescent 
malaria infection was therefore unknown. To handle this, the survival was 
modelled with interval censoring. The interval was assumed to start at the last 
malaria-free follow-up visit and end at the next follow-up visit (in which a 
recrudescent malaria infection was noted). Survival up until the start of the 
interval was calculated according to equation 17 and the cumulative survival 
during the interval was calculated according to equation 18. 

stCHZ
t eS ,−=  (17) 
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−−=  (18) 

where St is the survival until the start of the interval, CHZt,s is the cumulative 
hazard (according to the hazard-model) up to the start of interval, St,e is the 
survival during the interval and CHZt,e is the cumulative hazard (according to 
the hazard-model) during the interval. Patients with no recrudescent malaria 
infection were censored at the end of the study (right censoring). 

To link the pharmacokinetics and the pharmacodynamic model, the 
individual pharmacokinetic parameters (received from the prior model) were 
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imputed in the data set and the individual concentrations were affecting the 
baseline hazard through an Emax-model.  

Several covariates were tried in the model (i.e. sex, age, initial parasite 
density, body weight, and study site). In addition, mixture models were 
evaluated on IC50 and on the baseline hazard, in which two different 
populations with different IC50 or baseline hazard estimated, to investigate 
potential resistance against piperaquine or dihydroartemisinin. 

3.2.4 Interaction between antimalarial and 
antiretroviral drugs 

The antimalarial and the anti-retroviral drug data were analysed separately. 

The antimalarial data were transformed into molar units and metabolite 
models, describing both the parent drugs and the metabolites simultaneously, 
were fitted to the data. It was assumed for both artemether and lumefantrine 
that 100% of the drugs were converted into their respective metabolites 
dihydroartemisinin and desbutyl-lumefantrine. A previous study has 
indicated a time-dependency in the pharmacokinetics of artemether [56]. 
Therefore, an enzymatic auto-induction model was investigated to describe 
changes in apparent elimination clearance over time. 

Missing concentration data were either omitted or fitted with the M3-method 
(where concentrations above the limit of quantification are modelled as 
continuous data, and data reported to be below the limit of quantification are 
modelled as categorical data, evaluating the probability that a concentration 
is below the limit of quantification at a certain time point after dose) [152]. 
These approaches were evaluated through simulation-based diagnostics 
focusing on predicted and observed fraction of censored drug measurments, 
and through evaluations of the final parameter estimates. 

Concomitant drug effects of efavirenz, nevirapine, and lopinavir/ritonavir 
were investigated as a categorical covariate on elimination clearance and 
bioavailability, before any other covariate effects were evaluated. 

The pharmacokinetics of efavirenz and nevirapine were modelled and 
concomitant treatment with artemether-lumefantrine was evaluated as a 
categorical covariate in the model. 

Identified drug-drug interactions were evaluated with stochastic simulations 
(1000 simulations in NONMEM) and new dose regimens were suggested if 
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necessary. Lumefantrine exhibits a dose dependent absorption and this was 
taken into account by assuming that a 100% increase in dose only increased 
the area under the concentration-time curve by 70% [66].  
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4 RESULTS AND DISCUSSION 

4.1 Effect of pregnancy on the 
pharmacokinetics of piperaquine 

The changes in piperaquine concentrations over time were described by a 
three-compartment disposition model. The absorption phase was described 
by three transit compartments. In the final model, between-subject variability 
was included on elimination clearance and bioavailability, and between 
occasion variability was included on the mean transit time and on the 
bioavailability. The elimination clearance was estimated to 44 L/h, which is 
lower compared to previous studies [41, 43]. However, this was the first time 
piperaquine pharmacokinetics was evaluated in a pregnant African 
population, using a population pharmacokinetic approach, which might 
explain the differences. Other pharmacokinetic parameter estimates were in 
line with what have been reported in previous studies [43, 153–156]. 
Statistical analysis of the area under the concentration-time curve showed no 
difference in exposure between pregnant and non-pregnant women. 

To evaluate the possibility to detect differences in the pharmacokinetics 
between pregnant and non-pregnant women, a Monte Carlo Mapped Power 
analysis was performed. A previous study identified a pregnancy effect on 
apparent elimination clearance and bioavailability [43]. The analysis showed 
that in order to identify the pregnancy effect on elimination clearance and 
bioavailability with 80% power, a total of 8 and 13 patients, respectively, 
were needed in each group (pregnant and non-pregnant women) (Figure 2). 
The current study included 12 women in each group, which is not enough to 
identify all previously reported covariates. Instead a full covariate model 
approach was applied. As seen in Figure 3. the clinical impact of pregnancy 
was found to be low. Pregnancy might have a relevant impact on 
intercompartmental clearance. However, this will not impact the exposure of 
the drug. It was also found in the full covariate approach that the apparent 
elimination clearance is somewhat different in the second and third trimester 
(see Paper I). 

Final parameter estimates, relative standard errors and diagnostic plots are 
reported in Paper I. 
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Figure 2. Monte-Carlo Mapped Power (MCMP) curve for identifying pregnancy as a 
covariate. Triangles represents the power curve for identifying pregnancy as covariate on 
apparent elimination clearance and circles the power curve for identifying pregnancy as 
a covariate on the relative bioavailability. The dotted black line represents 80% power. 
The inserted numbers are the total number of subjects needed to identify pregnancy as a 
covariate, given the used model and study sampling procedure. 

Figure 3. Box (25th to 75th percentile) and whisker (1.5*interquartile range) plot of the 
full pregnancy-covariate model for piperaquine. Pregnancy was included as a categorical 
covariate and the solid black zero-line represents no covariate effect and the dotted black 
lines represent a covariate effect of ±20%. MTT is the mean transit time, Vc/F, Vp1/F and 
Vp2/F are the apparent volume of the central compartment, the first peripheral 
compartment and the second peripheral compartment, respectively. CL/F is the apparent 
elimination clearance and Q1/F and Q2/F are the apparent inter-compartmental 
clearances. 
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4.2 Pharmacokinetic and pharmacodynamic 
properties of piperaquine in a pooled 
analysis 

The pooled data was successfully described by a three-compartment 
disposition model with two transit compartments in the absorption phase. 
Between-subject variability was used on all parameters. Between occasion 
variability was added on the mean transit time and the bioavailability. The 
conversion factor between venous and capillary concentrations was estimated 
to 149%.  

A disease effect was identified on mean transit time and the apparent 
elimination clearance. The mean transit time was 36.0% lower, and the 
elimination clearance 52.7% lower, in healthy individuals compared with 
patients, resulting in a higher exposure to piperaquine, and a slightly higher 
maximum concentration in healthy individuals than in patients. Weight was 
included as an allometrically scaled covariate to explain differences in all 
clearance and volume parameters. Diagnostic plots revealed that the between-
occasion variability could not explain all the observed variability in the 
bioavailability between dosing occasions for piperaquine. An increase of the 
between occasion variability of 30.0% per dosing occasion was identified by 
estimation of an extra parameter. This change in bioavailability could be a 
result of changed absorption during the recovery from malaria. 

Stochastic simulations of patients weighting between 5 and 100 kg, using the 
final model and the manufacturer’s dose regimen, showed an under-exposure 
in small children (Figure 4). A new simple and optimised dose regimen was 
developed (Table 2), which resulted in adequate exposure in all weight 
groups without reaching higher maximum concentrations than those observed 
with the manufacturer’s dose regimen. 

Final parameter estimates, relative standard errors and diagnostic plots are 
reported in Paper II. 
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Figure 4. Stochastic simulation of two dose regimens of piperaquine. To the left, the 
simulations of the standard regimen are presented, and to the right, the simulations 
of the new optimised dose regimen are presented. The circles represent the median 
value and the vertical line represents the 50 %-simulation interval. The dashed 
horizontal lines represent the maximum concentration after a standard regimen (in 
the top row) and the threshold value of 30 ng/mL (in the bottom row). 

Table 2. Dose regimens for piperaquine 

Standard dose regimen Optimised dose regimen  

Body 
weight (kg) 

No. 
tablets/day 

PQP/day 
(mg/kg) 

Body 
weight 

(kg) 

No. 
tablets/day 

PQP/day 
(mg/kg) 

5-6 0.25 13.3-16.0 5-7 0.5 22.9-32.0 

7-12 0.5 13.3-22.9 8-10 0.75 24.0-30.0 

13-23 1 13.9-24.6 11-16 1 20.0-29.1 

24-35 2 18.3-26.7 17-24 1.5 20.0-28.2 

36-74 3 13.0-26.7 25-35 2 18.3-25.6 

75-100 4 12.8-17.1 36-59 3 16.3-26.7 

   
60-79 4 16.2-21.3 

   
80-100 5 16-20.0 

No. tablets/day is the daily number of tablets. PQP/day is the total daily dose of piperaquine 
phosphate (mg/kg).

Standard dose recommendation Optimized dosing suggestionOptimised dosing suggestion 
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4.3 Pharmacokinetic and pharmacodynamic 
properties of piperaquine and markers 
for resistance 

A total of 39 patients (236 samples) from study site 1, 33 patients (271 
samples) from study site 2 and 32 patients (242 samples) from study site 3 
were used in the analysis. In total 13.5% of the patients in the study had a 
recrudescent malaria infection; 25.6% in western Cambodia, 12.1% in 
northern Cambodia, and no failures in eastern Cambodia. 

The three-compartment disposition model, including the conversion factor 
between venous and capillary concentrations found in the meta-analysis 
(Paper II), successfully described the capillary concentrations from this study. 

The occurrence of recrudescent malaria was described by a constant hazard 
model, where the drug concentrations affected the hazard through an Emax-
model. Estimating the hill coefficient in the Emax-model did not improve the 
fit, and it was therefore fixed to one throughout the analysis. Of the evaluated 
covariates, a difference between study sites was significant on both the IC50 
and on the baseline hazard, with nearly the same drop in objective function 
value. Adding the covariate effect on IC50 resulted in a slightly lower 
objective function and was therefore included in the final model (Table 3). 
No other covariates were found significant. A difference in IC50 between the 
study sites might indicate piperaquine resistance. However, more data and/or 
in vivo IC50 values are needed to confirm this. Simulation based diagnostics 
(visual predictive checks) from the final model, stratified on the different 
study sites, is presented in (Figure 5).  
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Table 3. Parameter estimates from the pharmacokinetic-pharmacodynamic time-to-event 
model 

 

Population estimate [RSE %] 95% CIa 

Baseline hazard  
(recrudescent infections/hour) 

0.000832 [116] 0.000275-0.00833 

IC50site1 (ng/mL) 10.4 [123] 0.429-71.2 

IC50site2 (ng/mL) 2.77 [203] 0.167-31.8 

IC50site3 (ng/mL) 0 [0] 0 

Hill 1 fix 
 

Where IC50site1 is the half maximal inhibitory concentration at study site 1, IC50site2 is the half 
maximal inhibitory concentration at study site 2, IC50site3 is the half maximal inhibitory 
concentration at study site 3, and Hill is the factor describing the slope in the Emax model. The 
95% confidence intervals (CI) are given as the 2.5 to 97.5 percentiles of bootstrap estimates. 
a. Based on 952 successful resampled bootstraps runs (out of 1000) 

Figure 5. Visual predictive checks of the time-to-event model, stratified on study 
sites. The solid black line represents the observed survival. The shaded area 
represents the 95% confidence interval of the survival from the model (2000 
simulations). 
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Figure 5. Visual predictive checks of the time-to-event model, stratified on study 
sites. The solid black line represents the observed survival. The shaded area 
represents the 95% confidence interval of the survival from the model (2000 
simulations). 
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4.4 The influence of HIV-therapy on the 
pharmacokinetics of artemether-
lumefantrine 

Lumefantrine and desbutyl-lumefantrine concentrations were described by a 
metabolite model with two disposition compartments describing lumefantrine 
and one disposition compartment describing desbutyl-lumefantrine. Between-
subject variability was included on apparent elimination clearance, mean 
transit time of the absorption phase, and the relative bioavailability. The three 
different antiretroviral therapies (efavirenz, nevirapine, and ritonavir boosted 
lopinavir) were included as categorical covariates. Efavirenz increased the 
elimination clearance of lumefantrine by 72.6%, nevirapine lowered the 
relative bioavailability of lumefantrine by 24.8%, and ritonavir boosted 
lopinavir lowered the apparent elimination clearance of lumefantrine by 62.1 
and increased the elimination of desbutyl-lumefantrine by 392%. 

The increase in lumefantrine elimination clearance when co-administrated 
with efavirenz is most likely a result of increased expression of CYP3A4, 
resulting in an increase in the hepatic extraction. The decrease in 
lumefantrine bioavailability when co-administrated with nevirapine might be 
a result of induction of intestinal P-glycoprotein expression or induction of 
intestinal CYP3A4. Lopinavir/ritonavir inhibits CYP3A4 activity [98], which 
results in the seen decreased elimination clearance of lumefantrine and 
consequently an increased exposure. In addition, the elimination clearance of 
desbutyl-lumefantrine was increased by lopinavir/ritonavir treatment in this 
study, 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 or it could be a consequence of changes 
in other, unknown, metabolites of lumefantrine. 

Artemether and dihydroartemisinin concentrations were also described with a 
metabolite model. However, this time a one-compartment disposition model 
was used to describe both the parent drug and the metabolite. Between-
subject variability was included on elimination clearance of both artemether 
and dihydroartemisinin, and also on the absorption parameters (mean transit 
time and relative bioavailability). Concomitant treatment with efavirenz 
decreased the bioavailability of artemether by 71.5%. Nevirapine decreased 
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the bioavailability of artemether by 66.3%, and the elimination clearance of 
dihydroartemisinin by 44.5%. Ritonavir boosted lopinavir increased the 
elimination clearance of both artemether by 32.8% and dihydroartemisinin by 
143%. 

The previous findings on interaction between efavirenz/nevirapine and P-
glycoprotein are contradictory. An in-vitro study showed that efavirenz and 
nevirapine induce the expression of P-glycoprotein [97], which could explain 
the observed decrease in relative bioavailability by these antiretroviral drugs. 
Another explanation 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 it decreased the 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 present a trend towards 
increased exposure [119]. This might be explained by between-subject 
variability, different study sizes (36 compared with 89 in this study) and 
different study designs (parallel compared with cross-over in this study). 

Lopinavir/ritonavir increased the elimination clearance of both artemether 
and dihydroartemisinin resulting in decreased exposures. Lopinavir/ritonavir 
induces other CYP enzymes such as CYP2B6, CYP2C9, and CYP2C19. 
Induction of CYP enzymes seems the most likely explanation for the 
observed increase in the elimination clearance of artemether. The increase in 
dihydroartemisinin elimination 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 metabolic pathways of artemether.  

New dose regimens were suggested, based on stochastic simulations from the 
final models, and boxplots of drug exposure for the different scenarios are 
presented in Figure 6. The patients in the present study were not infected with 
malaria which could change the dose recommendation. Therefore, new 
studies are needed in malaria and HIV co-infected populations.  
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Figure 6. 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 hours to infinity for lumefantrine when given alone, in combination with 
HIV-treatment and after an adjusted dose regimen [efavirenz (A), nevirapine (B) and 
lopinavir/ritonavir (C)]. The middle row illustrates the simulated exposures (AUC) 
from 0 hours to infinity for dihydroartemisinin when given alone, in combination 
with HIV-treatment and after an adjusted dose regimen [efavirenz (D), nevirapine 
(E) or lopinavir/ritonavir (F)]. The bottom row illustrates the simulated day 7 
concentrations for lumefantrine when given alone, in combination with HIV-
treatment and after an adjusted dose regimen [efavirenz (G), nevirapine (H) or 
lopinavir/ritonavir (I)]. The dotted lines in the top and middle rows represent the 
standard exposures when the anti-malarial treatment is given alone. The dotted lines 
in the bottom row represent previously defined day 7 cut-off concentration for 
therapeutic failure of 280 ng/mL and 175 ng/mL. 
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4.5 The influence of antimalarial-therapy on 
the pharmacokinetics of nevirapine and 
efavirenz 

Efavirenz concentrations were described by a two-compartment disposition 
model. Concomitant treatment with artemether-lumefantrine did not have an 
effect on the pharmacokinetics of efavirenz, and simulation of new doses was 
therefore not necessary. 

Nevirapine concentrations were described by a one-compartment disposition 
model. Data in the absorption phase was lacking and a two transit-
compartment absorption model was used, based on a previous meta-analysis 
[90]. Concomitant treatment with artemether-lumefantrine had a significant 
effect on the elimination clearance, resulting in an increase in elimination 
clearance of 65.4%, possibly due to artemether mediated induction of 
CYP3A4. 

Due to the short treatment duration of antimalarial therapy (3 days), this 
should be of limited clinical significance but could have an impact in 
vulnerable populations, such as pregnant women. Therefore, new dose 
simulations, based on two different scenarios, were performed. In the first 
scenario it was assumed that the elimination clearance increased linearly 
from its uninduced steady-state value, and reached the new induced clearance 
value after the last artemether-lumefantrine dose. Thereafter, the elimination 
clearance was constant for the rest of the week. In this scenario an increased 
nevirapine dose of 100% over the three days of antimalarial therapy would 
result in standard exposure during the week (Figure 7). In the second scenario 
it was assumed that the new induced clearance was just constant for one day 
before it started to return to the uninduced value (same slope as during the 
increase). In this scenario, an increased nevirapine dose of 50% would be 
enough to yield a standard exposure (Figure 8). These two scenarios need to 
be evaluated in a population co-infected with HIV and malaria. 

Final parameter estimates, relative standard errors and diagnostic plots are 
reported in Paper V. 
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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) and lopinavir/ritonavir (C)]. The middle row 
illustrates the simulated exposures (AUC) from 0 to 894 h for dihydroartemisinin when given alone, in combination with 
HIV-treatment and after an adjusted dose regimen [efavirenz (D), nevirapine (E) or lopinavir/ritonavir (F)]. The bottom row 
illustrates the simulated day 7 concentrations for lumefantrine when given alone, in combination with HIV-treatment and 
after an adjusted dose regimen [efavirenz (G), nevirapine (H) or lopinavir/ritonavir (I)]. The dotted lines in the top and 
middle rows represent the standard exposures when the anti-malarial treatment is given alone. The dotted lines in the 
bottom row represent previously defined day 7 cut-off concentration for therapeutic failure of 280 ng/mL and 175 ng/mL.  

Artemether/dihydroartemisinin. All three 
antiretroviral drugs investigated decreased 
the exposures to both artemether and 
dihydroartemisinin. Efavirenz and nevirapine 
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 explanation 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 to 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 variability, 
different study sizes (36 compared to 89 in 
this study) and different study designs 
(parallel compared to cross-over in this study). 
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Figure 6. 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 hours to infinity for lumefantrine when given alone, in combination with 
HIV-treatment and after an adjusted dose regimen [efavirenz (A), nevirapine (B) and 
lopinavir/ritonavir (C)]. The middle row illustrates the simulated exposures (AUC) 
from 0 hours to infinity for dihydroartemisinin when given alone, in combination 
with HIV-treatment and after an adjusted dose regimen [efavirenz (D), nevirapine 
(E) or lopinavir/ritonavir (F)]. The bottom row illustrates the simulated day 7 
concentrations for lumefantrine when given alone, in combination with HIV-
treatment and after an adjusted dose regimen [efavirenz (G), nevirapine (H) or 
lopinavir/ritonavir (I)]. The dotted lines in the top and middle rows represent the 
standard exposures when the anti-malarial treatment is given alone. The dotted lines 
in the bottom row represent previously defined day 7 cut-off concentration for 
therapeutic failure of 280 ng/mL and 175 ng/mL. 
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4.5 The influence of antimalarial-therapy on 
the pharmacokinetics of nevirapine and 
efavirenz 

Efavirenz concentrations were described by a two-compartment disposition 
model. Concomitant treatment with artemether-lumefantrine did not have an 
effect on the pharmacokinetics of efavirenz, and simulation of new doses was 
therefore not necessary. 

Nevirapine concentrations were described by a one-compartment disposition 
model. Data in the absorption phase was lacking and a two transit-
compartment absorption model was used, based on a previous meta-analysis 
[90]. Concomitant treatment with artemether-lumefantrine had a significant 
effect on the elimination clearance, resulting in an increase in elimination 
clearance of 65.4%, possibly due to artemether mediated induction of 
CYP3A4. 

Due to the short treatment duration of antimalarial therapy (3 days), this 
should be of limited clinical significance but could have an impact in 
vulnerable populations, such as pregnant women. Therefore, new dose 
simulations, based on two different scenarios, were performed. In the first 
scenario it was assumed that the elimination clearance increased linearly 
from its uninduced steady-state value, and reached the new induced clearance 
value after the last artemether-lumefantrine dose. Thereafter, the elimination 
clearance was constant for the rest of the week. In this scenario an increased 
nevirapine dose of 100% over the three days of antimalarial therapy would 
result in standard exposure during the week (Figure 7). In the second scenario 
it was assumed that the new induced clearance was just constant for one day 
before it started to return to the uninduced value (same slope as during the 
increase). In this scenario, an increased nevirapine dose of 50% would be 
enough to yield a standard exposure (Figure 8). These two scenarios need to 
be evaluated in a population co-infected with HIV and malaria. 

Final parameter estimates, relative standard errors and diagnostic plots are 
reported in Paper V. 
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Figure 7. Simulation of drug exposure of nevirapine, when given together with 
artemether-lumefantrine, assuming an increase of nevirapine elimination clearance, 
reaching a constant value on day 3 of antimalarial therapy. Box (25th to 75th 
percentile) and whisker (1.5×interquartile range) plot (left) illustrating how the 
exposure (accumulated area under the time-concentration curve over 1 week of 
treatment at steady state) of nevirapine changes when given alone (without 
artemether-lumefantrine, starting on day two), when given together with artemether-
lumefantrine and when increasing the dose with 100% during the three days that 
artemether-lumefantrine was given. The right graph shows the steady-state 
concentration-time profile of nevirapine over one week of treatment when given 
alone (dotted black line) and when given together with artemether-lumefantrine 
(solid grey line).  
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Figure 8. Simulation of drug exposure of nevirapine when given together with 
artemether-lumefantrine, assuming an increase of nevirapine elimination clearance, 
reaching a constant value on day 3 of antimalarial therapy, keeping that value  for 
24 hours, and thereafter, decrease linearly back towards the un-induced value. Box 
(25th to 75th percentile) and whisker (1.5×interquartile range) plot (left) illustrating 
how the exposure (accumulated area under the time-concentration curve over 1 week 
of treatment at steady state) of nevirapine changes when given alone (without 
artemether-lumefantrine, starting on day two), when given together with artemether-
lumefantrine, and when increasing the dose with 100% (top) and 50% (bottom) 
during the three days that artemether-lumefantrine was given. The right graph shows 
the concentration-time profile of nevirapine over one week of treatment when given 
alone (dotted black line), and when given together with artemether-lumefantrine 
(solid black line). 
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between artmether-lumefantrine and 
nevirapine and found no changes in the 
pharmacokinetics of nevirapine [17]. This 
might indicate that the seen induction in this 
study is a consequence of an unfinished 
autoinduction. However, if the autoinduction 
was still active this should have been 
identified for efavirenz as well, which wasn’t 
seen. The differences between the studies 
might also be a result of different study 
designs and populations. 

Dose simulations 

To investigate the impact of the drug-drug 
interaction on the exposure and to derive an 
optimized dose, dose simulations were carried 
out. Two scenarios were investigated, in both 
the exposure was measured over one week of 

nevirapine treatment. To receive the 
exposure, according to the first scenario, 
comparable to nevirapine given alone, a 
nevirapine dose increase of 100% was 
necessary; this increase was just given over 
the same three days as the antimalarial 
treatment.  In this scenario the elimination 
clearance was assumed constant after the last 
dose for the rest of the week. This would 
reflect a scenario where lumefantrine is 
responsible for the induction of nevirapine 
elimination but it could be likely that 
artemether is responsible for the induction as 
it induces CYP3A4. This was investigated in 
scenario 2 and this would result in smaller 
reduction in the exposure over the 
investigated week of treatment and a 50% 
increase in dose was enough to get a standard 
exposure.  

 

 

Figure 4. Simulation of drug exposure of nevirapine assuming an increase in nevirapine elimination clearance, when given 
together with artemether-lumefantrine, until assuming a constant value on day 3 of antimalarial therapy. Box (25th to 75th 
percentile) and whisker (1.5×interquartile range) plot (left) illustrating how the exposure (accumulated area under the time-
concentration curve over 1 week of treatment at steady state) changes when given alone without artemether-lumefantrine 
(starting on day two), when given together with artemether-lumefantrine and when increasing the dose with 100% during 
the three days artemether-lumefantrine was given. The right graph shows the steady-state concentration-time profile of 
nevirapine over one week of treatment when given alone (dotted black line) and when given together with artemether-
lumefantrine (solid grey line). 

  

50
0

10
00

15
00

20
00

Covariate Efect (%)

Alone With ACT New dose

N
ev

ira
pi

ne
 e

xp
os

ur
e 

(m
g*

h/
L)

0

1000

2000

3000

4000

5000

6000

7000

950 1000 1050 1100 1150
Co

nc
en

tr
at

io
n 

(n
g/

m
L)

Time (h)



Population Pharmacokinetic-Pharmacodynamic Modelling of Antimalarial Treatment 

38 

 

Figure 7. Simulation of drug exposure of nevirapine, when given together with 
artemether-lumefantrine, assuming an increase of nevirapine elimination clearance, 
reaching a constant value on day 3 of antimalarial therapy. Box (25th to 75th 
percentile) and whisker (1.5×interquartile range) plot (left) illustrating how the 
exposure (accumulated area under the time-concentration curve over 1 week of 
treatment at steady state) of nevirapine changes when given alone (without 
artemether-lumefantrine, starting on day two), when given together with artemether-
lumefantrine and when increasing the dose with 100% during the three days that 
artemether-lumefantrine was given. The right graph shows the steady-state 
concentration-time profile of nevirapine over one week of treatment when given 
alone (dotted black line) and when given together with artemether-lumefantrine 
(solid grey line).  
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Figure 8. Simulation of drug exposure of nevirapine when given together with 
artemether-lumefantrine, assuming an increase of nevirapine elimination clearance, 
reaching a constant value on day 3 of antimalarial therapy, keeping that value  for 
24 hours, and thereafter, decrease linearly back towards the un-induced value. Box 
(25th to 75th percentile) and whisker (1.5×interquartile range) plot (left) illustrating 
how the exposure (accumulated area under the time-concentration curve over 1 week 
of treatment at steady state) of nevirapine changes when given alone (without 
artemether-lumefantrine, starting on day two), when given together with artemether-
lumefantrine, and when increasing the dose with 100% (top) and 50% (bottom) 
during the three days that artemether-lumefantrine was given. The right graph shows 
the concentration-time profile of nevirapine over one week of treatment when given 
alone (dotted black line), and when given together with artemether-lumefantrine 
(solid black line). 
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Consequences 

If the induction is due to a drug-drug 
interaction it might be of limited clinical 
consequences. The anti-malarial therapy is 
administrated over just three-days and the 
overall influence on the HIV-therapy should be 
small if it is taking into consideration that the 
anti-retroviral therapy is lifelong treatment. 
But if the subject has a very low CD4-count or 
for subjects who will suffer from several 
malaria infections (and therefore prolonging 

the interaction), it could have a consequence 
for the well-being of the patient.  

Nevirapine is also given to pregnant women 
and is used to prevent the transmission of the 
HIV-virus from the mother to the child in 
Uganda. If the anti-malaria therapy is 
administrated in the third-trimester there is a 
risk that the nevirapine exposure will be 
inadequate to prevent the transmission. 
Therefore a dose-adjustment might be taken 
into consideration. However, this has to be 
investigated in separate trials. 

Figure 5. Simulation of drug exposure of nevirapine assuming an increase in nevirapine elimination clearance, when given 
together with artemether-lumefantrine, until assuming a constant value on day 3 of antimalarial therapy for 24 hours and 
when a linear decrease in elimination clearance toward the un-induced value were assumed. Box (25th to 75th percentile) 
and whisker (1.5×interquartile range) plot (left) illustrating how the exposure (accumulated area under the time-
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5 GENERAL DISCUSSION 

Dosing of antimalarial drugs has often been decided by trial and error, and 
not evidence-based. Recently, several studies and analyses have been 
performed to optimise antimalarial treatments in different populations [43, 
44, 70, 131]. In this thesis, pharmacokinetic and pharmacodynamic 
modelling approaches have been utilized to: (1) optimise antimalarial therapy 
in pregnant women and children (the two most vulnerable groups), (2) 
investigate drug resistance, and (3) evaluate the impact of concomitant 
HAART therapy, both regarding the impact on the pharmacokinetics of the 
antimalarial treatment and regarding the impact on the pharmacokinetics of 
the antiretroviral treatment. 

Pregnant women are especially vulnerable to malaria and the 
pharmacokinetics of several antimalarial drugs has been shown to change 
during pregnancy [43, 60, 70, 109–114]. The first study, included in this 
thesis, investigated the differences between pregnant and non-pregnant 
women regarding the pharmacokinetics of piperaquine. No differences were 
found in the exposure of the drug, which indicates that no dose adjustment is 
necessary. To further investigate the impact of pregnancy, a full covariate 
approach was conducted. This approach gives an opportunity to investigate 
which parameters are changed in pregnant women, compared to non-pregnant 
women. The approach revealed that the most probable change is a decrease in 
intercompartmental-clearance. This will have no impact on the total drug 
exposure but might have a small impact on the day 7 concentration (which 
sometimes is used to evaluate the treatment). However, a difference in day 7 
concentrations between pregnant and non-pregnant women was not observed 
in this study. Furthermore, the difference in elimination clearance between 
different stages of pregnancy was evaluated, showing that the clearance 
increases between the second and third trimester of pregnancy, but this will 
not impact the exposure, and most likely not the clinical outcome. 

Pregnancy is a risk factor in malaria, but the most vulnerable group, in 
regards to malaria infection and symptoms are children. In the second study, 
included in this thesis, an optimised dose regimen for piperaquine was 
developed. One thousand three hundred deaths out of the nearly 2000 deaths 
due to malaria each day, occurs in children [4]. Young children has an 
increased risk of a failed treatment, and they also have a lower drug exposure 
compared with adults [44, 157]. This shows the importance of optimising the 
treatment in children. Pharmacokinetic studies are often small, which limits 
the power to correctly describe the pharmacokinetics and the differences 
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between different groups. To maximize the power, data from several clinical 
studies was analysed simultaneously. Body weight had a significant impact 
on the pharmacokinetics, resulting in drug exposure profiles indicating an 
under-dosing in children. These findings are similar to what has previously 
been reported by Tarning et al. [44]. A new dose regimen for piperaquine 
was developed, to optimise the drug exposure for all body weights. The new 
dose regimen had to be simple, without too many dose bands. Today’s dose 
regimen is safe, but increasing the maximum concentration further could 
increase the risk of serious side-effects such as QT-prolongation. Therefore, 
it was important to not increase the maximum concentration in the new dose 
regimen above the maximum concentration reached by the old dose regimen. 
The new dose regimen consists of eight dose intervals based on body weight. 
Simulations show that the new regimen will result in good exposure for all 
weight groups, and will not increase the maximum concentration reached by 
the old regimen. It should thereby result in a better treatment of malaria with 
dihydroartemisinin-piperaquine. 

Due to the emergence of multi-drug resistance in Southeast Asia, especially 
against artemisinin derivates, the treatment guidelines have recently been 
changed. The combination dihydroartemisinin-piperaquine has been used in 
western Cambodia, but recently the efficacy of this combination has been 
failing [25]. In the third study in this thesis, the efficiency of 
dihydroartemisinin-piperaquine has been compared between three different 
sites in Cambodia through a time-to-event modelling approach. A time-to-
event approach gives the possibility to characterize the outcome of a 
treatment, and to link the pharmacokinetics of the drug to the outcome (in 
this case recrudescent). There was a pronounced difference in outcome 
between the three study sites, and the categorical covariate ‘study site’ was 
found to be significant on both the baseline hazard and the IC50 of 
recrudescent. The difference between the sites could be a consequence of 
resistance to either piperaquine and/or dihydroartemisinin, but more data is 
needed to evaluate and investigate this further. 

Due to the similar spread of malaria and HIV, co-infection and co-treatment 
of these two diseases will be common. It is therefore important to investigate 
drug-drug interaction between ACT and HAART, to ensure an adequate 
treatment. In this thesis, a considerable impact on the exposure of 
dihydroartemisinin and lumefantrine was found when concomitantly treated 
with HAART. Especially the HIV-drug efavirenz will lower the exposure of 
the ACT-drugs. A dose increase of 250% will result in adequate exposure of 
both lumefantrine and dihydroartemisinin. This is taking into consideration 
the dose dependent absorption of lumefantrine by raising the lumefantrine 
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exposure with just 70% for a 100% increase in dose. Nevirapine also had a 
limited impact on the ACT drugs and a dose increase of 75% was enough to 
receive standard exposure. The interaction between artemether-lumefantrine 
and ritonavir boosted lopinavir shows a different pattern compared to the rest 
of the studied interactions. When combined with ritonavir boosted lopinavir 
the exposure to lumefantrine increase while the exposure to 
dihydroartemisinin will decrease. This will result in a scenario in which the 
outcome should be as good or better compared to give artemether-
lumefantrine alone and therefore no changes in dose should be necessary. 

There is also a possibility that the antimalarial drugs can affect the exposure 
of the antiretroviral drugs, which was explored in the last study included in 
this thesis. Since the ACT is given during only three days, while HAART is a 
lifelong treatment, the potential interactions should have limited 
consequences on the HAART therapy. However, it might have consequences 
for risk groups. The developed model identified a statistically significant 
impact of concomitant artemether-lumefantrine treatment on the nevirapine 
clearance. Nevirapine is used to prevent the transfer of the HIV virus from 
the mother to the child [81], and a decreased nevirapine exposure could, 
during these circumstances, have severe consequences. Depending on which 
of the drugs or metabolites in the ACT treatment that are causing the 
interaction (this cannot be identified with the present study design), an 
increase of the nevirapine dose of 50-100% during the three days of ACT 
would be enough to receive standard exposure. 

It is important to note that the two interaction studies investigated in this 
thesis were conducted in HIV patients without malaria. A malaria infection 
could change the pharmacokinetics of the different drugs and it is therefore 
important to evaluate the new suggested dose regimens in a population with 
both malaria and HIV. The interactions could also change with different 
doses. The proposed dose increases for artemether-lumefantrine, when 
administrated with efavirenz or nevirapine, could increase the induction of 
nevirapine (or efavirenz) elimination clearance and vice versa. 

This thesis has focused on optimising anti-malarial treatment with 
piperaquine, and on investigating ACT-HAART interactions. The work 
shows that even though some pharmacokinetic parameters are different 
between pregnant and non-pregnant women, there is no need to change the 
dose regimen of piperaquine for pregnant women. A new dose regimen of 
piperaquine, based on body weight, was suggested to assure adequate drug 
exposure for children. Drug resistance patterns for dihydroartemisinin-
piperaquine in Cambodia were explored. New doses for artemether-
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lumefantrine co-administrated with HAART were developed, and new dose 
regimens for nevirapine when combined with ACT were developed. These 
findings will improve the treatment of malaria for different populations. 
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6 CONCLUSION 

This thesis has investigated the pharmacokinetic and pharmacodynamic 
impact of antimalarial treatment. The first part investigated and optimised the 
treatment with piperaquine and the second part found considerable 
interactions between antiretroviral and antimalarial treatment. The following 
conclusions can be drawn: 

• No clinical relevant impact of pregnancy on the 
pharmacokinetics of piperaquine was found. 
 

• A new simple and optimised treatment regimen for 
piperaquine was developed. 
 

• A time-to-event model for the risk of getting recrudescent 
malaria, in three different provinces in Cambodia was 
developed and a pharmacokinetic model for piperaquine was 
linked to the outcome model. 
 

• Considerable impact on the pharmacokinetics of artemether, 
lumefantrine, and their respective metabolites 
dihydroartemisinin and desbutyl-lumefantrine, was found 
when individuals were concomitantly treated with efavirenz, 
nevirapine, or ritonavir boosted lopinavir. New doses have 
been developed for these antimalarial drugs when used at the 
same time as the antiretroviral drugs. 
 

• A difference in the elimination clearance of nevirapine was 
found when administrated at the same time as artemether-
lumefantrine. New doses for this interaction were developed. 

Richard Höglund 

45 

7 FUTURE PERSPECTIVES 

During the last years, drug resistance against the currently recommended 
treatment of malaria has been noted [23]. Optimising the antimalarial 
treatment would potentially slow the spread of resistance. Pharmacometrics 
gives an excellent opportunity to do this by maximizing the use of 
information from clinical trials. In this thesis, this approach has been used to 
optimise the treatment of malaria with piperaquine. The findings (no 
difference in exposure for pregnant compared with non-pregnant women, and 
a new dose regimen of piperaquine), may improve the current treatment with 
piperaquine, especially in children, and hopefully prolong the lifetime of 
dihydroartemisinin-piperaquine as a useful antimalarial drug combination. 

Both malaria and HIV will, for the foreseeable future, continue to be 
common infectious diseases, especially in Africa south of Sahara. The 
findings in this thesis give the opportunity to increase the cure rate of malaria 
treated with artemether-lumefantrine, when combined with efavirenz or 
nevirapine. Further clinical studies and pharmacometric analyses of these 
interactions are necessary to fully optimise the changes in treatmen. 
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