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In silico pharmacokinetic-pharmacodynamic (PK-PD) models are used to inform dose
optimisation in antimalarial drug development. Here the PK-PD models capture the
change in parasite count over time because of exposure to antimalarial drug(s). For
current deterministic PD models, simulated parasite numbers decline proportionally
during treatment asymptotically approaching zero, requiring a cure threshold to be
selected. We implemented an alternative stochastic model, where parasite-time
profiles were simulated using a binomial function with an hourly parasite survival
probability. This probabilistic model enables a time of exact cure to be calculated,
when zero parasites remain. The 28-day cure rates predicted by the deterministic
and stochastic models for multiple antimalarial treatment strategies were equivalent,
with an absolute difference ranging from —0.8% to 3.1% (mean of 0.48%, positive
values indicate higher stochastic model cure rates). This confirms that the standard
deterministic method is an adequate proxy for the underlying stochastic process of

parasite death during antimalarial treatment.
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1 | INTRODUCTION

There are approximately 235 million cases of malaria each year caused
by Plasmodium falciparum,* with most patients treated with an
artemisinin-based combination therapy (ACT).?2 The emergence and
spread of artemisinin resistant parasites has reduced the efficacy of
these first-line treatments, highlighting the urgent need for new anti-
malarial treatments.®

Drug development and registration is a protracted process requir-
ing preclinical laboratory studies, and phase I, Il and Il clinical trials,
prior to comprehensive regulatory review.* In silico pharmacokinetic-
pharmacodynamic (PK-PD) modelling is an important tool to stream-
line the drug development pipeline. PD models estimate the change in
the number of parasites over time within an individual patient because
of antimalarial treatment. Key antimalarial treatment outcomes, such
as 28-day cure rates, can be calculated from simulated parasite-time
profiles, informing dose optimisation and the design of early phase
antimalarial clinical trials.

Mechanistic PD models of P. falciparum infection capture the
underlying biology of antimalarial drug effects and changes in para-
site growth. During a malaria infection, parasites invade red blood
cells, progressing from ring stages to trophozoites to schizonts 48 h
later, before parasite replication and reinvasion of new red blood
cells. Most antimalarial drugs target only a relatively narrow window
of the parasite developmental stages (e.g. mefloquine targets para-
sites aged 18-40 h®), although artemisinins and the new antimalar-
jals, cipargamin and ganaplacide, can kill parasites aged 6-44 h.%”
Incorporating fine-scale parasite age dynamics into PK-PD model-
ling of antimalarial drugs improves the predictive power of these
models.

Mechanistic P. falciparum PD models (developed and implemen-
ted in® %), capture the antimalarial drug action on parasite age using
an hourly, discrete-time framework. The antimalarial treatment's age-
specific parasiticidal effect is represented in the model as a proportion
of vulnerable parasites killed each hour. Iteratively removing a per-
centage of the parasite population simulates a parasite burden that
asymptotically approaches zero. This deterministic method requires a
cutoff threshold (e.g. one parasite or one parasite per millilitre) to be
selected to define cure for a simulated patient.

Although this percentage parasite death rate is straightforward
and easy to implement, the selection of a cure threshold is not clearly
justified. Therefore, a more biologically plausible approach may be to
consider the parasite population as strictly an integer value, where
cure is achieved at a parasite count of exactly zero. To ensure a dis-
crete population count, the drug effect can be employed as a per-
parasite hourly probability of death, via a binomial distribution, thus
introducing a probabilistic function into the model. In comparison to
the current deterministic method, this new stochastic method
removes the need to select a cutoff value to define cure.

This report implemented and compared two PK-PD models of
malaria infection, the current deterministic method and an alternative
stochastic method. We performed a comprehensive simulation study,

calculating 28-day cure rates of a cohort of hypothetical patients and

What is already known about this subject?

e In silico pharmacokinetic-pharmacodynamic models of
malaria infection typically represent parasite death from
antimalarial treatment as a continuous percentage of par-
asites killed.

e This approach requires the selection of an arbitrary
threshold on the parasite count at which a simulated

patient is declared cured.

What this study adds?

e We tested an alternative model for simulating parasite-
time profiles, which uses probabilities to calculate the
number of parasites, rather than the proportion, that are
killed each hour following antimalarial treatment.

e Both methods produced essentially identical 28-day cure
rates.

e Therefore, the current percentage-kill method is a suit-
able approximation for the more realistic, probabilistic

model.

repeated the comparison for a selection of antimalarial drug resistance
scenarios, to determine how model specification impacted simulation

outcomes.

2 | METHODS

We conducted a simulation study in R (version 4.4.0'°) to compare
the cure rates for an ACT between a stochastic PD model and a
deterministic PD model for P. falciparum malaria.

One thousand PK profiles were simulated for a paediatric
population treated with WHO weight-based dosing regimens of the
widely used ACTs artemether-lumefantrine and dihydroartemisinin-
piperaquine.'® Patient weights were sampled from the Severe Malaria
in African Children Network's study dataset of paediatric malaria
patients.’” The PK models used for all four drugs were based on those
previously published, with parameter distributions sourced from exist-
ing PK studies (see Tables S1.1 and S1.2).

Parasite-time profiles were calculated by combing a PD model of
parasite growth and death with the simulated drug-concentration
profiles (Figure 1 and Table S1.3). This PD model uses discrete hourly
transitions, such that the number of parasites in age group a at time t

are given by:

Nia g [N@-Lt=1)x(1-05(E@-1,t)+E(a~1,t-1)), 2<as48

(@t)= {N(Tmax,t—l) x (1—0.5(E(48, t)+E(48,t—1))) x PMF, a=1.
(1)
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FIGURE 1

A simplified schematic of the pharmacokinetic-pharmacodynamic (PK-PD) simulation process used to compare two methods of

determining parasite cure (deterministic and stochastic) following antimalarial treatment. Each antimalarial drug's pre-defined ECsg ranges
(artemether: [4.38, 46.20], lumefantrine: [1.75, 2331.60], dihydroartemisinin: [1.44, 532.05], and piperaquine: [11.56, 94.19] all in ng/ml) were
broken into equal quartiles, to represent no-, low-, medium- and high-levels of antimalarial drug resistance. The simulation scenarios for each
treatment span each combination of these ECsq ranges, resulting in 16 total scenarios for artemether-lumefantrine and another 16 scenarios for

dihydroartemisinin-piperaquine, all tested with both methods.

Here, the number of parasites a hours old at time t, N (a,t), is the
number 1 hour younger (a— 1), 1 hour before (t — 1), multiplied by the
age-specific survival rate (1 —mean death rate over the previous
hour'®). The number of 1-hour old parasites is given by the product of
the number of 48 h-old parasites, the age-specific survival rate and
the parasite multiplication factor (PMF). The PMF represents the aver-
age number of infected red blood cells derived from one schizont at
the end of its lifecycle (i.e. the average number of new merozoites
released multiplied by the red blood cell invasion efficiency).

Drug d has a parasite kill effect, E4(a, t), that acts only on specific
stages of the parasite—defined by W, (e.g. for artemisinin Wagr =
{6,7,...,44} hours and for lumefantrine W r={18,19,...,40}). This
death rate is a function of the drug concentration at time t, C4(t), that
is, the PK model output, the maximum killing effect of the drug
(Emaxa), the concentration for which 50% of that maximum killing
effect is achieved (ECsoq), and the sigmoidicity (sharpness) of the

concentration-effect curve (y,):

Ca(t)™
Eq(a,t)= Emexd <Cd(f)“ +ECs04 )" acWq .
0, else

2

For artemether-lumefantrine (and ACTs in general), the two
drugs are assumed to have different modes of action, and therefore
act independently such that E(a,t)=Egn(a,t)+Ex(at) -
Eqi(a,t)Eqa(a, t).

The typical deterministic approach® 4 is to implement E(a,t) by
calculating a percentage of parasites that survive each hourly transi-
tion (Equation 1). Thus, the population declines during treatment,

asymptotically approaching, but never reaching, zero (i.e. ‘cure’). In

practice, a threshold number of parasites is selected, and when the
total number of parasites drops below this value, the simulated
patient is classified as cured.

Under an alternative stochastic method, applying E(a, t) as a per-
parasite hourly probability of death (instead of an hourly percentage
killed), we classify a patient as cured when their parasite count
declines to exactly zero parasites. We can adjust Equation (1) to incor-
porate the probability of death per parasite (which typically represents
a single parasite in the body but could also indicate one parasite per
millilitre or per microlitre; see S4) via a binomial distribution, where
the number of Bernoulli processes is given by the number of parasites
at each age, and the probability of survival is a function of the drug
effect on parasites of that age, at that time. Therefore, under the
stochastic model, the number of parasites a hours old at time t is

given by:
N(a,t) = Binom(N(a—1,t—1),1-0.5(E(a—1,t)+E(a—1,t—1))) 2<asTmax
T { Binom(N(Tmax, t — 1) x PMF, 1 —0.5(E(Trmax> t) + E(Tmax, t—1))),  a=1.
©)

The fixed set of 1000 simulated PK profiles for artemether-
lumefantrine were used to simulate parasite profiles using the two
models for 16 total scenarios, by varying the ECso for each drug to
mimic four levels of varying drug-resistance and testing all combina-
tions (see Figure 1 caption or Table S1.4). This process was repeated
for dihydroartemisinin-piperaquine, creating another 16 resistance
scenarios. The primary outcome was 28-day cure rate, defined as the
percentage of the 1000 hypothetical paediatric patients classified as
cured by day 28 of follow-up. A threshold of one parasite was used

for cure in the deterministic model. The secondary outcomes included
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FIGURE 2

Simulated 28-day cure rates using a deterministic and stochastic pharmacokinetic-pharmacodynamic (PK-PD) model, for a

1000-patient paediatric cohort treated with WHO standard doses of artemether (ART)-lumefantrine, across four levels of resistance for each

drug (see Table S1.4).

(1) simulation efficiency (i.e. computation time) and (2) 28-day cure
rates for simulations where cure threshold values were shifted, by
running the simulations on different scales (total parasite burden,
number of parasites per millilitre or number of parasites per
microlitre). Thus, if the cure threshold is set to one unit for all simula-
tions, this scaling creates three adjusted cutoff thresholds of one,
1000 or 1000000 total parasites, respectively, assuming approxi-
mately 11 median paediatric blood volume; see S4. These theoretical
thresholds are chosen purely for the purpose of model comparison
and are not intended to be used in practice.

Monotherapy 28-day cure rates for artemether and lumefantrine
treatments were also compared across both models as a sensitivity
analysis to further evaluate outcome robustness to different drug
scenarios.

3 | RESULTS

Two sets of 1000 drug-concentration profiles were simulated, one for
each combination therapy. These fixed pharmacokinetic profiles were
then used to simulate parasitaemia profiles for each of the 16 resis-
tance scenarios per treatment. The 28-day cure rates calculated using
the standard deterministic method compared with the stochastic
method were essentially equal across all artemether-lumefantrine
resistance scenarios (mean 0.17% higher cure rates for the stochastic
model, range [-0.6%, 1.5%] Figure 2) and dihydroartemisinin-
piperaquine scenarios (mean 0.76% higher cure rates for the stochas-
tic model, range [-0.8%, 3.1%)] Figure S6.1).

Resistance to artemether had a comparatively mild effect on sim-
ulated cure rates when compared to resistance to lumefantrine. With
no resistance to either drug, the simulated cure rates were 98.0% for
the stochastic and 97.8% for the deterministic method. Simulations
with high lumefantrine mono-resistance decreased cure rates to
63.5% and 63.1%, compared with simulations with high artemether
mono-resistance where the cure rates declined to 94.2% and 94.8%.
consistent

Dihydroartemisinin-piperaquine  results were also

(Figure S6.1), with piperaquine resistance influencing cure rates more
significantly than dihydroartemisinin resistance.

Computational runtime differences between the methods were
negligible for the same input scenarios: a mean of 1.66 min (16%) lon-
ger for the stochastic compared with the deterministic method (see
S3). Of note, the stochastic model was implemented for parasite
counts below one million for computational feasibility. This modifica-
tion was validated by demonstrating it produced the same 28-day
cure rates across all scenarios, when applied below one, 10 or 100
million parasites (see Figure S3.1).

As expected, calculated cure-rates were highly dependent on the
scale of the simulated parasite counts. For artemether-lumefantrine, a
simulation using the total number of parasites in the body as the scale
(which is standard), with a threshold for cure of one parasite in the
body, produced a mean 28-day cure rate of 74.2% (averaging across
both methods and all 16 resistance scenarios). An identical simulation
using a parasite per millilitre of blood scale for the PD model parame-
ter ipl, initial parasite load at treatment, with a threshold for cure of
1 parasite per millilitre (which is equal to 1000 parasites total, assum-
ing 11 as an approximate median blood volume for the SMAC cohort)
produced a mean 28-day cure rate of 89.6%. At a per microlitre scale
(i.e. 1/ul cutoff=1 000000 total for 11 blood volume), the mean
28-3day cure rate was further inflated by almost 10% to 98.1% (see
S4). Results for dihydroartemisinin-piperaquine remained consistent
with those for artemether-lumefantrine.

The sensitivity analysis of hypothetical monotherapy of
artemether and lumefantrine confirmed that the stochastic and deter-
ministic models also produced highly consistent 28-day cure rates

across all drug resistance scenarios (see S5 and Figure S5.1).

4 | DISCUSSION
We implemented a stochastic PK-PD model of antimalarial treatment
for P. falciparum infection, which restricted parasite population counts

to whole numbers via binomial transitions, and enabled the
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quantification of a specific time of cure. The 28-day cure rates calcu-
lated from simulated data were equivalent between the novel
stochastic model and the existing deterministic model. Results were
consistent across a range of drug resistance scenarios for artemether-
lumefantrine and dihydroartemisinin-piperaquine, validating the use
of the deterministic method as an accurate approximation of the more
biologically plausible stochastic method.

One limitation of the deterministic approach is that the selection
of a suitable threshold for declaring cure is not clearly justified but can
impact PD simulation outcomes. Significant differences in simulated
cure rates were observed when the cure cutoff values were varied
(i.e. one parasite/millilitre blood compared to one parasite total, see
S4, Table S4.1 and Figure S4.1). Although the standard approach is to
simulate total parasite numbers with a cure cutoff of 1, these results
highlight the importance of clearly reporting the threshold chosen for
a cured infection and specifying an appropriate threshold to avoid
over estimating 28-day cure rates. The deterministic and stochastic
PK-PD models were compared in a simulation setting, with resistance
represented via increases in ECso (one plausible resistance mecha-
nism). These comparisons span a broad range of antimalarial drug
resistance scenarios with day 28 cure rates varying between 0.5% and
100%. In line with previous in silico ACT simulations,** partner drug
resistance impacted cure rates more significantly than artemisinin
resistance. This is also consistent with evidence from Cambodia,
where artemisinin-resistant regions experienced cure rate reductions
following the emergence of resistance to the partner drug.X’ Further-
more, the hypothetical patient population was based on the body
weights from the Severe Malaria in African Children Network's study
dataset, ensuring realistic simulations for children infected with
P. falciparum in malaria endemic regions.

Drug concentrations and parasite profiles were simulated for
artemether-lumefantrine and dihydroartemisinin-piperaquine as
well as for artemether-only and lumefantrine-only hypothetical treat-
ments in a sensitivity analysis (see S5 and Figures S5.1, S6 and S6.1).
Calculated 28-day cure rates were consistent between the stochastic
and deterministic models for all scenarios, suggesting the findings
are generalisable to antimalarial drugs with similar pharmacokinetic
and pharmacodynamic properties. We hypothesise that slow acting
drugs applied over a long treatment period are likely to be more sen-
sitive to the additional variability induced by the stochastic model. In
the event that the simulated time-to-cure is close to the point of
clinical outcome (i.e. day 28), an exploration of how the stochastic
model's variability compares to the deterministic model may be
warranted.

Sun and colleagues®® previously described a stochastic-transition
model of malaria infection, noting that fine-scale stochastic phenom-
ena, specifically spontaneous extinction of the parasite population
(i.e. because of immune response) cannot be adequately captured by a
purely deterministic model. Our results, show that for dose-
optimisation simulations, a deterministic model suitably approximates
the probabilistic process of parasite death. This remains true even
when the probability of cure is low, and fine-scale dynamics are likely

to have a greater effect on the simulated outcome.
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In conclusion, this simulation study demonstrates that the
standard deterministic PK-PD model for P. falciparum malaria, which
uses a cure threshold of one total parasite in the body, provides
robust results when compared to a more computationally intensive
stochastic alternative. A conceptual limitation of the deterministic
approach is the required selection of a suitable cure threshold. Here
we demonstrate that as expected, this cutoff value (or equivalently,
the simulation scale) will significantly impact model outputs. There-
fore, we recommend transparent reporting of all simulation details,
including the definition of cure that was used, in order to assure

model reproducibility.
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