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1 | INTRODUCTION

Sub-Saharan Africa bears more than 93% of morbidity and mortality
due to Plasmodium falciparum malaria. In this setting, approximately
36% of the burden is experienced in infants.”?> After birth, an infant
(a child <1 year of age) is protected from malaria due to the immunity
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Infants bear a significant malaria burden but are usually excluded from participating
in early dose optimization studies that inform dosing regimens of antimalarial ther-
apy. Unlike older children, infants' exclusion from early-phase trials has resulted in
limited evidence to guide accurate dosing of antimalarial treatment for uncomplicated
malaria or malaria-preventive treatment in this vulnerable population. Subsequently,
doses used in infants are often extrapolated from older children or adults, with the
potential for under- or overdosing. Population pharmacokinetic-pharmacodynamic
(PK-PD) modelling, a quantitative methodology that applies mathematical and statis-
tical techniques, can aid the design of clinical studies in infants that collect sparse
pharmacokinetic data as well as support the analysis of such data to derive optimized
antimalarial dosing in this complex and at-risk yet understudied subpopulation. In this
review, we reflect on what PK-PD modelling can do in programmatic settings of most
malaria-endemic areas and how it can be used to inform antimalarial dose optimiza-
tion for preventive and curative treatment of uncomplicated malaria in infants. We
outline key developmental physiological changes that affect drug exposure in early
life, the challenges of conducting dose optimization studies in infants, and examples
of how PK-PD modelling has previously informed antimalarial dose optimization in
this subgroup. Additionally, we discuss the limitations and gaps of PK-PD modelling
when used for dose optimization in infants. To utilize modelling well, there is a need
to generate useful, sparse, PK and PD data in this subpopulation to inform antimalar-

ial optimal dosing in infancy.
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conferred by the mother. Nevertheless, they become vulnerable, as
early as 3 months of age, when this acquired immunity begins to
wane.® Subsequently, this puts infants at an increased risk of rapid
disease progression, severe malaria and death. To minimize this bur-
den, the World Health Organization (WHO) initially recommended the

use of sulfadoxine-pyrimethamine (SP), administered with routine
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health facility visits, for intermittent preventive treatment of malaria
in infancy (IPTi) in areas of moderate to high malaria transmission in
sub-Saharan Africa.? Recently, this recommendation has been
extended beyond the first year of life and is now termed perennial
malaria chemoprevention (PMC).> However, although recommended
by the WHO for over a decade, malaria chemopreventive treatment
in infancy has had limited uptake by most malaria-endemic countries,
in part due to the reported increasing resistance of malaria parasites
to SP. Fortunately, monthly administration of a newer antimalarial
drug, dihydroartemisinin-piperaquine (DP), an artemisinin-based com-
bination therapy (ACT), has shown higher protective efficacy than
SP.%” However, a monthly regimen for malaria chemoprevention is a
challenge to implement in programmatic settings.®2~2° While acknowl-
edging the potential for ACTs, such as DP, for malaria chemoprevention
in young children, the WHO has called for more evidence of their
safety, efficacy and adherence to multi-day regimens, and when admin-
istered during routine health facility visits.>* This highlights an urgent
need for evidenced-based antimalarial dosing recommendations in
infants, particularly in those under 6 months of age, for both malaria
treatment and chemopreventive treatment. This should be done
together with other malaria-preventive interventions such as vaccines
and insecticide-treated bed nets.

However, most therapeutic areas have excluded infants from par-
ticipating in early dose optimization clinical trials due to ethical and
logistical concerns.? This is no different within the malaria field where
most clinical trials to optimize the treatment (and prevention) of uncom-
plicated malaria have excluded infants. This has not been the case with
older children, mostly above 1 year of age, with uncomplicated malaria
who are usually studied in phase Il and severe malaria studies. Conse-
quently, antimalarial doses for the treatment of uncomplicated malaria
have been extrapolated from older children as well as adults for use in
infants. The challenge with such extrapolation is that antimalarial medi-
cations used for symptomatic treatment have the potential to be inac-
curately dosed in infants when treating malaria.*® This may potentially
result in efficacy or safety concerns. For example, the use of the current
dispersible formulation of artemether-lumefantrine (AL) (Coartem®) in
infants weighing <5 kg resulted in a two- to three-fold increase in arte-
mether and its metabolite dihydroartemisinin compared with children
weighing >5 kg.2* To address this challenge, the PAMAfrica consortium
was established to develop a new fixed-dose combination of AL for
infants weighing <5 kg since the current AL dispersible formulation tar-
geted children between 5 and 35 kg.*> While there are ethical and logis-
tical challenges in conducting dose optimization studies in infants,2¢1”
such as the intense frequency of blood sampling that is often required,
it is imperative that subgroups that bear the largest burden of disease
are included, as early as possible, in clinical trials that inform dosing regi-
mens. Quantitative techniques, such as population pharmacokinetic-
pharmacodynamic (PK-PD) modelling, have the advantage of supporting
the design and analysis of data from studies that can be conducted to
overcome the logistical hurdles associated with conducting dose optimi-
zation studies in infants.

In this review, we describe how PK-PD modelling can be used to

inform antimalarial dose optimization for preventive and curative

treatment of uncomplicated malaria in infants. We outline key develop-
mental physiological changes that may affect drug exposure in early life,
the challenges of conducting dose optimization studies in infants, the
role of PK-PD modelling in informing antimalarial dose optimization pro-
cesses and examples of how PK-PD modelling has previously informed
antimalarial dose optimization in infants. Additionally, we discuss the lim-
itations and gaps of PK-PD modelling when used for dose optimization
in infants as well as other modelling techniques that can complement

population PK-PD methods for dose optimization in this subgroup.

2 | DEVELOPMENTAL PHYSIOLOGICAL
CHANGES IN EARLY LIFE AFFECT DRUG
EXPOSURE

Infancy is characterized by rapid physiological changes that impact the
pharmacokinetic exposure profiles of various drugs used during this
period.'® Key pharmacokinetic changes in this subgroup include altered
absorption, reduced distribution of drugs to sites of action, and reduction
in drug metabolism because of developing metabolic processes
(Table 1).2%2° These changes are driven by differences in body size, body
composition, enzyme maturation and end-organ perfusion. Drugs may
be affected by these changes to different extents, hence the need for PK
data in infants, albeit sparse, to optimize their dosing. Infants are,
therefore, a complex population that requires special attention to achieve

optimal dosing of therapeutic agents such as antimalarial medications.

3 | CHALLENGES OF DOSE OPTIMIZATION
STUDIES IN INFANTS

Standard dose optimization studies involve administering a drug and

collecting frequent blood samples thereafter, at prespecified time

TABLE 1 Physiological changes in infancy that affect drug
pharmacokinetics.

Pharmacokinetic

process Physiological change(s)

Increased intestinal transit time

Reduced gastric emptying: delayed in infants
under 6-8 months and shorter in older infants
Delayed/immature gastric transporter expression

Absorption

Distribution Age-dependent body composition influencing
the volume of distribution of drugs (including
increased thickness, perfusion, hydration and
body surface area in infants)

Increased body water:fat ratio highest in neonates

Plasma protein binding lower in neonates

Metabolism Reduced hepatic metabolism in neonates
(cytochrome P-450 and glucuronosyltransferase

isoforms) reaching adult levels by 6-12 months

Elimination Elimination increases nonlinearly with weight
Renal function reaches maturity at

approximately 1-2 years of age
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intervals, to derive individual pharmacokinetic primary parameters
such as clearance and volume of distribution as well as secondary
parameters such as the area under the concentration-time curve
(AUC), peak concentration (Cax) and terminal elimination half-life
(1%1/2).21 Although such optimization studies provide detailed individual
pharmacokinetic parameter estimates, which can be aggregated to
provide information about a particular group of participants, they have
several challenges when extrapolated to infants. First, the volume of
blood and frequency of sampling that is acceptable to be collected
from infants and very young children is limited. Guidelines indicate
that this should not exceed 1% of total blood volume at any one time
(0.8 mL/kg) or 3% (2.4 mL/kg) within 1 month.?? Such small volumes
may be problematic for most pharmacokinetic assays,?® including
those for antimalarials. However, great advances have been seen in
recent years with the development of low-volume LC-MS/MS assays
for antimalarial drugs, such as dried blood on filter paper-based
assays, showing good sensitivity and accuracy.?*~2% Second, the logis-
tics of collecting multiple capillary samples still requires infants to
remain longer at the health facility or return frequently. This may not
always be acceptable to primary caregivers.?! Third, there is the ethi-
cal concern of the risk-benefit of each infant's study participation.
Ethically acceptable studies are those that pose minimal risk or burden
to the infant, with the potential for direct benefit.?” However, the
analysis of PK-PD data from these dose optimization studies at best
only benefits other infants treated in the future, which assumes that
the evidence generated is sufficient to inform policy and practice. Fur-
thermore, pharmaceutical manufacturers may need further motivation
to develop a formulation, tablet strength and fixed-dose combination

ratio suitable for use in infants and very young children.

4 | THEROLE OF POPULATION PK-PD
MODELLING IN ANTIMALARIAL DOSE
OPTIMIZATION IN INFANTS

Population PK-PD modelling (i.e., nonlinear mixed-effects modelling)
has the potential to overcome the challenges presented by standard
dose optimization studies. Population PK-PD models have three com-
ponents: structural models that describe the time course of a quanti-
fied mean response (i.e., fixed effects), in most cases these can be
drug concentrations (PK) or treatment response (PD, efficacy/safety);
stochastic or statistical models that define the between- and within-
patient variability in the observed data (i.e., random effects); and
covariate models that quantify the influence of factors that could
affect the observed individual response such as age, nutritional status
and disease severity.?® The main strength of population PK-PD
modelling is that it fits the model to data both on a population and
individual level, which enables the analysis of very sparse, often unbal-
anced data, where each individual may contribute a small number of
samples, and the number of samples/timings can vary between
individuals.28-3° This makes it particularly relevant for use in the anal-
ysis of data from dose optimization studies in infants, where PK and

PD data sampling may be sparse and collected at opportunistic time
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points. Additionally, PK-PD modelling can be used to inform the
design of dose optimization clinical trials to ensure adequate number
and timing of sampling, and the power to detect differences in phar-
macokinetic or pharmacodynamic outcomes.? Thus, in optimizing the
dosing of antimalarials in a subpopulation that is difficult to study,
such as infants, PK-PD modelling could be utilized as a tool for design-
ing as well as analysing data from such studies.*? This would allow
carefully designed and early inclusion of infants in dose optimization
clinical trials, preferably early enough to inform decisions on tablet
strength and ratios of fixed-dose combination treatments (i.e., phases
IIb or lll). Other advantages of applying PK-PD modelling approaches
in paediatric PK studies in malaria include an improved mechanistic
understanding of drug effects and the ability to investigate complex
circumstances such as drug-drug interactions and disease progression

effects.!

5 | PREVIOUS USE OF PK-PD MODELLING
TO INFORM ANTIMALARIAL DOSE
OPTIMIZATION IN INFANTS

There is generally a paucity of evidence on the use of PK-PD model-
ling for antimalarial dose optimization in infants. Nevertheless, we
have utilized evidence on dose optimization in children to highlight
the potential role of PK-PD modelling in antimalarial dose optimiza-
tion for use in infants. Table 2 details examples of large individual
patient data analyses that have used population PK-PD modelling
techniques to optimize the dosing of some of the commonly used
first-line antimalarial therapies against Plasmodium falciparum in chil-
dren. These analyses on artesunate-amodiaquine,®® AL,*® DP3** and
SP,*5 indeed, underscore the importance of the PK-PD modelling
methodologies as a tool for dose optimization and generation of evi-
dence to inform treatment guidelines. For example, the WHO's rec-
ommendation on dosing DP in very young children was adopted from
PK-PD dose optimization work following concerns that the manufac-
turer's recommended dosing regimen of piperaquine resulted in lower
piperaquine concentrations than needed to provide longer-term pro-
tection after treatment of uncomplicated malaria.>34%%%” Other
examples of studies on antimalarial therapies that have applied PK-PD
techniques for malaria (severe and uncomplicated) treatment as well
as chemoprevention are further reviewed in Table 3. 38-4°

Notably, there is limited data on antimalarial dosing in infants
under 6 months of age when antimalarial therapies are used for
malaria chemopreventive treatment. Furthermore, the use of PK-PD
methods to optimize antimalarial dosing in this age group is limited
(Tables 2 and 3). The lack of evidence on antimalarial dosing in infants
under 6 months of age is thought to be due to the perception that
malaria in this age group is rare because of maternal antibody protec-
tion that is passed on at birth.»*® However, this has been shown to
not be the case; for example, in a large cross-sectional study in
Uganda (n = 7785) the malaria parasitaemia positivity rate in infants
under 6 months of age was 31.6%." This calls for urgent antimalarial

dosing recommendations in infants under 6 months for both
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uncomplicated malaria treatment and chemoprevention. Population
PK-PD methodologies have a potential role to support this and ensure
accurate and safe dosing regimens in this vulnerable subpopulation.

Additionally, in most analyses reported in Tables 2 and 3, multiple
antimalarial exposure parameters such as AUC, C,.x and Day 7 con-
centrations were utilized. While this variation reflects the different
primary aims of the studies that were included, it could limit compari-
sons between analyses and interpretations of PK-PD associations.
Since Day 7 antimalarial concentrations of long-acting drugs such as
lumefantrine are predictive of overall exposure and antimalarial effi-
cacy by Day 28,*” and generally assessed in most antimalarial studies,
utilizing such a standardized exposure parameter as a proxy for overall
exposure could potentially overcome this limitation.

6 | LIMITATIONS AND GAPS OF
POPULATION PK-PD MODELLING FOR DOSE
OPTIMIZATION IN INFANTS

Despite being a robust technique for analysing drug exposure-
response data, even when such data is sparse, population PK-PD
modelling has some limitations. First, the rapidly changing physiologi-
cal states, such as those related to age in infancy or disease condi-
tions, may render the assumptions of the structural model inaccurate
or overly simplistic.*® Second, since infants experience age- or
weight-related changes, there is always a need to apply scaling tech-
niques to adjust for these varying physiological states when estimat-
ing primary parameters of drug exposure as well as optimizing dosing
regimens.*?">° Third, when applied to data that are collected from clin-
ical trials or observation studies, the assessment of covariates that
may affect drug exposure is limited by study inclusion criteria and the
data that were collected, thus studies are often underpowered to
identify significant covariates.>>*2 While individual patient PK-PD
data meta-analyses may include all available studies to ensure ade-
quate statistical power, other covariates such as time of food intake
before or after drug administration might be excluded. Additionally,
the model may not comprehensively account for all possible program-
matic scenarios in which the optimized dosing regimens would be
deployed, such as dosing with routine health facility visits (e.g., for
vaccination), or dosing without food or suboptimal adherence with
doses to be taken at home (e.g., ACT dosing on Days 2 and 3). Fourth,
although population PK-PD models allow for a better understanding
of the processes of drug exposure, including an assessment of
compartmental pharmacokinetics, developing models that best fit the
observed data can be a lengthy process,>® and often requires substan-
tial skills that are only present in a few malaria-endemic countries.
This may preclude the timely availability of optimized dosing regimens
for use in programmatic settings. Fifth, the development of PK-PD
models relies on accurate and sensitive drug measurements in small
blood volumes,?’ which requires expensive equipment (mass spec-
troscopy) and experienced staff to operate these machines. These
assays also come at a high cost of US$20-100 per sample, which is
often prohibitive. Furthermore, the complexity of population PK-PD

models may not always be easily understood by stakeholders, such as
national malarial control programs.>* This may further limit the utility
of population PK-PD tools in malaria-endemic areas to inform local

optimal dosing of antimalarials.

7 | OTHER MODELLING TECHNIQUES FOR
DOSE OPTIMIZATION IN INFANTS

Physiologically based PK (PBPK) modelling is another tool that can be
used to optimize the dosing of antimalarial therapy in infants.>>=>”
PBPK models account for the development of organs and the ontogeny
of specific enzymes, such as cytochrome P450, and transporters that
determine the age-related pharmacokinetics of various therapies.>® This
enables them to provide a clear mechanistic understanding of the
processes behind altered drug exposure. As a result, they have been
previously applied to provide a mechanistic understanding of drug dis-
position in infants and guide optimal dosing in various complex scenar-
ios of both antimicrobial therapy and other therapeutic agents.>%7-52
Additionally, they have been applied in drug regulatory reviews®® and
are being used to inform the design of paediatric drug development
studies.®* Nevertheless, these PBPK models, unlike population PK-PD
models, often describe average persons in populations and are not able
to dissect inter-individual or unexplained variability. Furthermore, PBPK
models apply assumptions of rates of individual processes of absorption,
distribution, metabolism and excretion, and these may not always be
known for each antimalarial medication of interest.®® This makes it chal-
lenging to easily apply them in practice. Nonetheless, the mechanistic
insights that they offer could be capitalized on when combined with
PK-PD models to optimize dosing in infants. However, their inherent
complexity makes them computationally costly and difficult to use.®®
Recently, machine learning (ML) algorithms have been identified
as potential platforms to identify doses for antimicrobial agents.
Indeed, ML PK-PD models have been shown to accurately predict
concentrations of rifampicin in the treatment of tuberculosis®’ and
beta-lactams when managing hospital-acquired and ventilator-
associated pneumonia.®® Nonetheless, the main limitation of ML PK-
PD modelling is that it may not offer a mechanistic understanding of
underlying assumptions of drug exposure. Their application for use in

infants and other complex subpopulations needs further exploration.

8 | CONCLUSION

PK-PD modelling has a potentially unique advantage of using sparse
unbalanced data to inform antimalarial dose optimization in infants,
who bear a disproportionately high burden of malaria but are usually
excluded from clinical trials on antimalarials. Nevertheless, it may not
account for all physiological, clinical and programmatic scenarios in
which these preventive treatments and uncomplicated malaria treat-
ments would be used. Thus, other modelling tools, such as PBPK
modelling techniques, could further strengthen the ability of PK-PD
models to provide a quicker understanding of mechanistic processes
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related to drug exposure in infants. To utilize modelling well, there is a
need to generate reasonably minimal, but useful, PK and PD data in
this subpopulation, especially in children under 6 months of age. This
should be done as early as ethically possible in antimalarial drug devel-
opment to inform their optimal dosing.

8.1 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in http://www.guidetopharmacology.org, and
are permanently archived in the Concise Guide to PHARMACOLOGY
2023/24.%°
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