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Abstract 

Background:  Malaria blood-stage infection length and intensity are important drivers of disease and transmission; 
however, the underlying mechanisms of parasite growth and the host’s immune response during infection remain 
largely unknown. Over the last 30 years, several mechanistic mathematical models of malaria parasite within-host 
dynamics have been published and used in malaria transmission models.

Methods:  Mechanistic within-host models of parasite dynamics were identified through a review of published 
literature. For a subset of these, model code was reproduced and descriptive statistics compared between the 
models using fitted data. Through simulation and model analysis, key features of the models were compared, includ-
ing assumptions on growth, immune response components, variant switching mechanisms, and inter-individual 
variability.

Results:  The assessed within-host malaria models generally replicate infection dynamics in malaria-naïve individu-
als. However, there are substantial differences between the model dynamics after disease onset, and models do not 
always reproduce late infection parasitaemia data used for calibration of the within host infections. Models have 
attempted to capture the considerable variability in parasite dynamics between individuals by including stochas-
tic parasite multiplication rates; variant switching dynamics leading to immune escape; variable effects of the host 
immune responses; or via probabilistic events. For models that capture realistic length of infections, model represen-
tations of innate immunity explain early peaks in infection density that cause clinical symptoms, and model represen-
tations of antibody immune responses control the length of infection. Models differed in their assumptions concern-
ing variant switching dynamics, reflecting uncertainty in the underlying mechanisms of variant switching revealed 
by recent clinical data during early infection. Overall, given the scarce availability of the biological evidence there is 
limited support for complex models.

Conclusions:  This study suggests that much of the inter-individual variability observed in clinical malaria infections 
has traditionally been attributed in models to random variability, rather than mechanistic disease dynamics. Thus, it is 
proposed that newly developed models should assume simple immune dynamics that minimally capture mechanis-
tic understandings and avoid over-parameterization and large stochasticity which inaccurately represent unknown 
disease mechanisms.
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Background
The complex life cycle of Plasmodium falciparum 
involves many parasite stages within both the mosquito 
and human host. Plasmodium falciparum induces com-
plex and non-sterilizing immune responses with repeated 
possible exposure in both the human host and mosquito. 
The human blood-stage infection plays a crucial role 
in both disease burden and transmission. Indeed, the 
length and magnitude of asexual parasite infection both 
drive clinical symptoms within a host and the transmis-
sion potential through the level of gametocytes. Thus, 
understanding within-host dynamics of the asexual para-
site stage is essential for both the development of drugs 
or other tools that target asexual or gametocytes stages, 
and to assess burden or transmission dynamics. Within a 
human host, the P. falciparum malaria cycle begins with 
sporozoites transmitted by infectious mosquito bites that 
travel from the skin to the liver [1]. Following replication 
in the liver, merozoites are released into the bloodstream 
[1, 2]. These merozoites subsequently infect red-blood 
cells (RBCs) and in  vitro, approximately 16 merozoites 
emerge from a single merozoite in a 48 h asexual blood-
stage cycle [3]. The blood-stage infection can persist for 
over 300 days if untreated [4]. A small fraction of asexual 
parasites convert into gametocytes [2], responsible for 
the transmission from human to mosquito.

The asexual malaria life cycle drives clinical disease 
in an individual, with many processes eliciting or evad-
ing the immune response [1]. After invasion of a RBC, 
merozoites are no longer directly exposed to immune 
actors. However, with hundreds of parasite proteins 
exported to the erythrocyte’s cell surface, immune effec-
tors can recognize an infected RBC (iRBC) [1]. Naturally 
acquired immune responses recognize erythrocyte sur-
face antigens of iRBCs or antigens of the free merozoites 
[1], as well as antigens from liver and sexual stages [5, 6]. 
Exported parasite proteins on the cell’s surface give the 
cell the capability to adhere to the blood vessel’s wall, and 
thus evade splenic clearance [1]. Furthermore, expression 
of the most characterized exported protein, the eryth-
rocyte membrane protein 1 (PfEMP1), can be switched 
by the parasites from a large library of variants [1]. New 
protein conformations are produced to avoid detection, 
requiring the host to mount new immune responses [1]. 
Plasmodium falciparum escapes the immune response 
by successively expressing one out of 50–60 different 
PfEMP1 genes [7]. The switching mechanisms remain 
uncertain, but switching between the PfEMP1 variants 
needs to be quick enough to evade the immune system 
and avoid splenic clearance, while slow enough to avoid 
variant exhaustion and maintain the chronic nature of 
the infection [7]. In endemic areas where populations are 
continuously exposed to malaria, repeated infections lead 

to acquired immunity, preventing severe cases of malaria 
and death but without leading to sterilizing protection 
for infection [1].

Many mathematical and statistical models have been 
developed to understand population level dynam-
ics of malaria transmission and impact of interventions 
(reviewed in [8, 9]), or to understand within host dynam-
ics. Although there is a long history of mathematical 
modeling of malaria parasite within-host dynamics over 
the years, the substantial biological unknown elements of 
both parasite and host dynamics and the highly variable 
nature of infection patterns, make it difficult to assess 
model accuracy. Furthermore, as there is limited within-
host data available for infections from either immuno-
logically naïve or non-naïve individuals, there is no “gold 
standard” data set or model to compare. In 1999, Molin-
eaux and Dietz reviewed published intra-host models 
[10], indicating the first within-host model of malaria was 
likely developed in 1989 by Anderson et al. [11]. Ander-
son and colleagues [11] described parasite dynamics via 
a set of differential equations representing uninfected 
RBCs, iRBCs, merozoites, and immune effectors [11]. 
This model along with the others reviewed led Molineaux 
and Dietz to conclude that existing models lacked realism 
and did not make quantitative comparisons to real data. 
They further concluded that the reviewed models did 
not allow for inter-individual variability in the outputs, 
even though a large variation in infection dynamics exists 
between individuals [10]. In part to address these con-
cerns, a substantial number of mechanistic within-host 
models, either standalone or used in larger transmission 
models, have since been developed. Most of these models 
were initially parameterized to data from naïve patients, 
but not necessarily to the limited available data from pre-
viously exposed individuals.

Several sources of detailed observations of parasite 
dynamics and densities in naïve patients exist. In the 
past, malaria infection was induced to generate fever to 
treat other illnesses. In particular between 1917 and 1963 
malaria was used as a therapy to treat patients with ter-
tiary neurosyphilis before the use of penicillin [12]. The 
most extensive malaria therapy data set was collated 
between 1940 and 1963 by Collins and Jeffery [12–15]. 
The published database consists of 318 patients treated 
at Columbia, South Carolina and the Milledgeville, Geor-
gia laboratories [12]. This data, referred to here as the 
malariatherapy dataset, includes patients infected with 
three different strains of P. falciparum for neurosyphi-
lis treatment. The data captures daily parasite counts by 
microscopy of both gametocyte and asexual parasites, 
and daily fever charts are available for each patient. This 
data set is the only detailed representation of the entire 
P. falciparum infection in a naïve population. Other 
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malariatherapy data sets exist, for example of Plasmo-
dium vivax infection in naïve and non-naïve individuals 
[16] (not further discussed here).

Over the last decade, many individual-based mod-
els of malaria transmission dynamics have been devel-
oped (reviewed in [8]); several of these include models 
of within-host asexual parasite dynamics [17–20]. A 
recently published paper [21] investigated common bio-
logical assumptions made by within-host models, and 
concluded that current knowledge is insufficient to cap-
ture infection lengths and to explain the chronic nature 
of malaria infections. They further concluded their model 
was quite sensitive to small changes in the parameters 
leading to large instabilities in estimated infection lengths 
[21]. Since asexual parasite dynamics are particularly 
important for modelling the effect of malaria interven-
tions targeting humans (such as drugs or vaccines), the 
within-host model assumptions in these models have the 
potential to drive predictions at the population level, on 
either disease burden or intervention impact. Thus, with 
these within host models widely used in public health 
research, a good understanding of the overall dynamics, 
the assumptions, the uncertainties, and limitations of the 
models are key to critically assess and understand the 
predictions arising from the use of those models.

In this review, within-host models of asexual parasitae-
mia were analysed and components of the models which 
drive predicted dynamics were identified. The identified 
models were used to investigate malaria interventions 
such as drugs or vaccines, either as stand-alone within-
host models or used in combination with transmission 
models. The review and analytical assessment of each 
model, including the re-simulation of a subset of models 
to allow for deeper investigation, provides an overview of 
the main components of each model and their underlying 
assumptions. Rather than defining a gold standard, mod-
els were discussed on how they differ in their immune 
responses and parasite growth. This comparison provides 
an understanding of the benefits and limitations in using 
these models, which directs and informs future work on 
within-host models of blood-stage parasitaemia.

Methods
Malariatherapy dataset
The malariatherapy dataset is extensively described in 
the retrospective analysis of Collins et  al. [12]. Briefly, 
the dataset consists of parasitaemia and fever records 
from Columbia, South Carolina, and the Milledgeville, 
Georgia laboratories of patients with no recorded previ-
ous history of malaria infection. Patients were infected 
by either of three parasite strains (named McLendon, 
Santee-Cooper, and El Limon), inoculated either by intra-
venous injection of parasitized blood, bites of infected 

mosquitoes, or subcutaneous or intravenous injection of 
sporozoites. Parasitaemia was measured daily via thick 
and thin peripheral blood films examined microscopi-
cally. Detection threshold is defined as 10 parasites/μl. 
At early stages of the infection, parasitaemia and fever 
levels were controlled with sub-curative treatment when 
needed, and in some instances the infection were termi-
nated using drugs.

The dataset reported by Collins et al. [22] include 318 
patient records, and models used a range of malaria-
therapy data subsets, to select only infections that cleared 
naturally and with minimal sub-curative drug adminis-
tration, and/or select infections considered non-severe. 
Details on malariatherapy subsets for each model are 
shown in Table 1 and Additional file 1: Table S2, and the 
respective publications. The smallest dataset was used for 
the model by Molineaux et al., which include 35 patient 
records where infections were not classified as severe, 
and infections cleared naturally. These included patients 
inoculated with infected blood (n = 18) and mosquito 
bites (n = 17), using El Limon (n = 34) and Santee Cooper 
(n = 1) strains. In the available dataset, only 315 out of 
the 318 patient records presented by Collins et  al. were 
recovered (missing patient G-27, S-934, S-1173) and the 
time-series and summary statistics are shown for 315 
patients, and 35 patients.

Models and simulation code
Several mechanistic within-host models were identified 
that are currently implemented in individual-based mod-
els (IBMs) from a recently published systematic review of 
IBMs [8], or used as stand-alone models to understand 
within host dynamics or assess malaria interventions 
(drugs or vaccines) targeting humans. The within-host 
models identified as being part of malaria IBMs are 
Molineaux et  al. [22], Johnston et  al. [23], Gatton and 
Cheng [24], Eckhoff [19], McKenzie and Bossert [18], 
and Gurarie et al. [17]. Additionally the models of Childs 
and Buckee [21] and Challenger [25] were included (see 
Fig.  1, and further details on the models in Results and 
in the Additional file 1). Five of the eight identified mod-
els were re-simulated for a deeper understanding of the 
underlying dynamics.

For the simulations, the open access code of Johnston 
et al. [23] was ised to recreate the Johnston et al. model in 
Matlab [26]. As both Johnston et al. [23] and later model 
Challenger et al. [25] were based on the model of Molin-
eaux et  al. [22], the code of Johnston et  al. was used as 
base code to reproduce the Molineaux et al. [22] and the 
Challenger et  al. [25] models. Challenger et  al. provides 
open access code for their model in C+ + [27], which is 
used here to validate the model code. The model of Gat-
ton and Cheng [24] was not open access but the model 
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Fig. 1  Identified within-host models of asexual parasite blood stage infection. Models are ordered by their publication date on the vertical and 
horizontal axis, with models adapted from another model displayed on the same row and linked with arrows. Dashed squares represent models 
that have been used in IBMs according to the systematic review of [6], and colored squares highlight the models that are simulated in this study, 
where the colours correspond to the results plotted in Figs. 3, 4, 5, 6. Text in each box indicates a brief description of the main features or differences 
of the models. A more detailed description of the models can be found in the supplementary material or in the source publications [17, 18, 21–26, 
31]
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was reproduced in Matlab. The model code for Eckhoff 
[19] was available from the author’s affiliated groups [28].

Model simulation and assessment
Each model was simulated 1750 times, which for the 
patient-specific model of Molineaux et  al. corresponds 
to 50 simulations of the 35 malariatherapy patients used 
for parameterization. For all other models, this corre-
sponds to 1750 independent realizations of the stochastic 
models.

Parameter values were fixed to the values defined in 
their respective publication (note that the parameters are 
either assumed from literature or fitted in their models, 
Additional file  1: Table  S3). The same stochastic multi-
plication rate of each PfEMP1 variants was used in the 
models of Molineaux et al. and Johnston et al., except that 
for Johnston et  al. any multiplication rate over 35 was 
resampled to be within the ranges defined by their model, 
as defined in their publication. Other models either had 
a different definition of the parasite’s multiplication rates 
(Challenger et al.) or a constant multiplication rate (Gat-
ton and Cheng, and Eckhoff). Except for Eckhoff, model 
simulations were undertaken in Matlab [27]. The Eckhoff 
model was simulated in C+ + [28]. All subsequent analy-
sis of results was performed in R [29]. For the purpose 
of comparison, all models were simulated for 600  days. 
Furthermore, the best fit of the model was not selected 
for each patient and no measurement errors were added 
(as done by Molineaux et al.), as the aim was not to rep-
licate the data but to illustrate the internal behaviour of 
the models.

Initially models were assessed via nine summary statis-
tics for the malariatherapy data set. These summary sta-
tistics were first described in Molineaux et  al. [22], and 
were later used as evaluation measures for several of the 
other models [23–25]. Briefly, the nine summary statistics 
computed are (i) the slope of the linear regression line 
from the first positive observed parasitaemia to the first 
local maximum; (ii) the log10 parasite density of the first 
local maximum, with a local maximum defined as a para-
site density greater than the three preceding time steps 
(t−1 to t−3) and not lower than the three following time 
steps (t + 1 to t + 3); (iii) the number of local maxima; (iv) 
the slope of the linear regression through all the log10 
local maxima; (v–vi) the geometric mean and standard 
deviation of the geometric means between the local max-
ima; (vii–viii) the proportion of positive observation in 
the first half and second half of the interval between the 
first and last positive observation; and ix) the last posi-
tive day [22]. A positive parasite density observation was 
defined as an asexual parasite density equal to, or higher 
than, 10 iRBC per microlitre, which is aligned with the 
detection threshold for the malariatherapy dataset [12]. 

In the Gatton and Cheng model the number of iRBCs is 
modelled, and thus for consistency and for comparison 
to other models, the output was converted to iRBC per 
microlitre assuming a body contains five liters of blood 
[24].

Assessment of parasite growth and host immunity 
for the re‑simulated models
In addition to the summary statistics, comparisons were 
made of estimated overall parasite multiplication rates, 
the innate, variant specific, general adaptive, and total 
immune responses, and the subsequent variation across 
the simulations that reflects individual variation and 
stochasticity. Parasites are referred to as variant specific 
to distinguish parasite subpopulation all expressing the 
same PfEMP1 variant, and thus eliciting the anti-PfEMP1 
antibodies specific to that variant. Models  were com-
pared by visual inspection of time series plots of these 
response components to identify the model’s main driv-
ers of parasite density and infection length predictions.

To assess the modelled parasite growth, for the mod-
els which use a stochastic and variant-specific multipli-
cation rate, an average inherent parasite multiplication 
rate (across variants) was defined at each time-step for 
each model. In Molineaux et al. and Johnston et al. each 
variant-specific parasite has its own multiplication rate 
drawn from a Normal distribution [22, 23]. Therefore, the 
average multiplication rate of all parasites at each time 
step is the weighted average of the variant-specific para-
site multiplication rates, as follows:

where mi is the multiplication rate of variant i, pi(t) the 
parasite density of variant i at time t, and Ptot(t) the total 
parasite density at time t. For all other models, the over-
all parasite multiplication is an input parameter and thus 
does not need to be calculated.

To investigate the modelled immune responses, 
immune responses were categorized into innate ( Sc ), 
variant-specific ( Sv) , and general adaptive ( Sm) . Between 
Molineaux et  al., Johnston et  al., and Challenger et  al., 
those three terms are directly comparable across mod-
els, but for Gatton and Cheng, and Eckhoff the terms are 
slightly different (see Additional file 1: Table S2). Where 
the variant specific immune response is tracked for each 
variant (in Molineaux et  al., Johnston et  al. and Gat-
ton and Cheng), the overall effect of the variant-specific 
immune response is the weighted average of the variant-
specific immune response, as follows:

(1)M̄(t) =

∑i=50
i=1 mipi(t)

Ptot(t)
,
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where Sv,i(t) is the effect of the immune response on 
variant i at time t, pi(t) the parasite density of variant i 
at time t, and Ptot(t) the total parasite density at time t. 
The innate and general adaptive immune responses are 
described as an effect on the total parasite density and 
are reported as such without further modifications. All 
equations and comparison between the models are sum-
marized in Additional file 1: Table S2.

Results
Overall model structure
Via the systematic review of IBMs [8], six mechanistic 
within-host models were identified as part of transmis-
sion models, as represented in Fig. 1, namely Molineaux 
et  al. [22], Gatton and Cheng [24], Johnston et  al. [23], 
Eckhoff [19], McKenzie and Bossert [18], and Gurarie 
et  al. [17]. An additional two models were identified 
through further literature search, namely Challenger 
et al. [25], and Childs and Buckee [21]. The new quanti-
tative results in the current study focus on five models, 
namely those of Molineaux et al. [22], Gatton and Cheng 
[24], Johnston et al. [23], Challenger et al. [25], and Eck-
hoff [19] (Fig.  1). The models of McKenzie and Bossert 
[18], Gurarie et al. [17], and Childs and Buckee [21] were 
included in the summary categorizations for comparison.

Most models reviewed here can generally be described 
in a simple discrete form

Here parasite densities or number of parasites Yt, at 
time t, depend on the parasite’s multiplication rate mt 
reduced by host effects Rt which can include immune 
response or RBC resource limitation. The immune 
response can represent up to four components: the innate 
immune response, and the antibody-driven immune 
response defined by variant specific, the  cross-reac-
tive  immune response, and adaptive immune responses, 
each component including different levels of stochastic-
ity and different functions. The models can be relatively 
simple and reproduce a smoothed time-course of an 
infection, such as in McKenzie and Bossert, or include a 
higher level of complexity to describe more granular par-
asite dynamics including the typical peaks and throughs 
observed in clinical data. The latter usually involves 
explicit or implicit inclusion of a range of variant-specific 
parasites.

Each model was reviewed via their detailed descrip-
tions and equations in their respective publications. The 
models are fully described in the Additional file  1 and 
their main characteristics are described in Table 1, with 

(2)Sv(t) =

∑i=50
i=1 Sv,i(t)pi(t)

Ptot(t)
,

Yt = mtYt−1Rt .

more details of their immune response dynamics sum-
marized in Table 2. The type of equations used were clas-
sified along with the level of stochasticity integrated into 
the models, and detailed which dataset/s were used for 
calibration. Further categorization included the key fea-
tures of parasite growth and immune dynamics for each 
model and are  summarized in tables (Tables  1 and 2). 
Equations were classified and divided into four descrip-
tions (1) parasite growth defined by the merozoite mul-
tiplication factor; (2a) triggering of, and effect of, the 
innate immune response; (2b) PfEMP1 variant-specific 
immunity dynamics; and (2c) the general or non-PfEMP1 
immune response dynamic. Figure 2 illustrates the sim-
plified dynamics and feedback between the host and 
parasite for the different models. The description of the 
parasite growth in each model is described in Table  1 
(row “Assumed multiplication rate”) and the immune 
responses are described in Table 2. The complete descrip-
tion of each model is given in Additional file 1, and a brief 
summary is provided here. 

Model specificities
Molineaux et  al. describe a mechanistic malaria para-
site growth model including three components of the 
immune response, namely an innate immune response 
acting early in the infection; a variant-specific immune 
response for each variant-specific parasite popula-
tion; and a general adaptive immune response acting on 
total parasite population. This model was intended to 
reproduce parasite densities from patients in the malar-
iatherapy dataset [12], and describes each of the 50 vari-
ant-specific parasite populations within an infection. The 
model of Molineaux et al. was adapted by Johnston et al. 
by replacing two patient-specific parameters which trig-
ger innate and general adaptive immune response with 
values drawn from a distribution (see Additional file 1). 
Challenger et  al. further simplified the model by track-
ing total parasite density instead of 50 variant-specific 
parasite densities to reduce memory and computational 
requirements. The Johnston et  al. and Challenger et  al. 
models are referred to as Molineaux-adapted models in 
this manuscript.

At a similar time to the publication of Molineaux et al., 
Paget-McNicol et  al. [30] published a stochastic model 
also including three immune response components and 
exploring different assumptions on switching dynam-
ics of the PfEMP1 variant expression. This model was 
later adapted by Gatton and Cheng [24]. Instead of a set 
of discrete model equations with stochastic parameters 
describing the asexual parasite density in the blood as 
in Molineaux et al., the Gatton and Cheng model is sto-
chastic and represent the total number of asexual para-
sites as a decision tree, where parasite numbers trigger 
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Fig. 2  Schematic overview of the main within host dynamics. A simplified representation of the main immune and parasite dynamics for a 
Molineaux et al. and Johnston et al., b Challenger et al., c Gatton et al., d Mckenzie and Bossert, e Eckhoff, f Gurarie et al., and g Childs and Buckee. 
Each model is represented by the main parasite components (left box), the host-immune component (right box) and additional factors influencing 
parasite dynamics (bottom circles). Models either describe overall infected red blood cells (iRBC) or total iRBC result from a sum of variant specific 
iRBC (var 1,..,i). Asexual multiplication (m) and variant switching of the parasite are represented by black arrows, and feedbacks between parasite 
and host components are represented by green arrows or red bar-headed lines for positive or negative effects, respectively. The weaker effect due 
to cross-reactive immune response is represented by dashed bar-headed lines. A more detailed description of the models can be found in the 
supplementary material, or in the source publications [17, 18, 21–26]
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choice of path in this decision tree and corresponding 
model equations [24]. This model differs significantly 
from Molineaux et  al. in regard to assumptions around 
the variant switching dynamics. Additionally, Gatton 
and Cheng include cross-reactivity between variant-
specific immune responses, which was not present in the 
model of Molineaux et al., although the general adaptive 
immune response might capture the effect of cross-reac-
tivity implicitly.

More recently, two additional models by Eckhoff [19] 
and by Childs and Buckee [21] were developed. Eck-
hoff’s model represents both continuous events such 
as immune responses to iRBC and discrete events such 
as the bursting of schizont and the associated immune 
responses. It also includes immune memory, captur-
ing faster immune responses when an individual is 
re-exposed to a previously seen parasite variant. Addi-
tionally, it includes cross-reactivity between variant-spe-
cific antibody responses. In the early infection days, the 
probability of switching to a new variant increases with 
growing parasite population. The model developed by 
Childs and Buckee [21] is deterministic and in their work 
they explored a wide parameter space to assess varia-
tions in the infection dynamics with parameter choice. 
This model includes four different immune responses, 
namely innate; variant-specific; general adaptive immune 
responses; and similarly to the models of Eckhoff, and 
of Gatton and Cheng, includes cross-reactive immune 
response across parasite variants. Childs and Buckee 
investigate different variant switching dynamics, and 
explicitly limit parasite growth by available RBCs and 
competition of immune cells for each variant-specific 
immune response.

Despite these models incorporating detailed variant 
switching, the malariatherapy calibration datasets con-
tain no information on gene expression profiles. Thus, 
there is no data describing variant expression and vari-
ant switching dynamics in the included patients. Instead, 
the models utilized understandings from the literature at 
the time of model development on potential structured 
switching; some of the models emphasize and discuss the 
uncertainty around the switching assumptions. Molin-
eaux et al. and Johnston et al.assume that immune pres-
sure drives the switch to the expression of a new variant, 
based on biological studies with Plasmodium knowlesi 
infections in monkeys [7]. In contrast, Paget-McNicol 
et al. refute the theory that switching depends on immu-
nity because it can also be observed in  vitro [31], and 
Gatton and Cheng’s modified model also assumes no link 
between variant switching mechanisms and host immune 
pressure. To avoid all variants being expressed with equal 
chances, the models either assume different switching 
probabilities for each variant according to a geometric 

distribution (as in Molineaux et  al., and in Johnston 
et  al.), limit the number of available variants to switch 
to in each cycle (as in Eckoff), or assume two groups of 
variants, with either fast or slow switching behaviour (as 
in Gatton and Cheng). The model in Childs and Buckee 
explores different switching networks where all variants 
can switch to all other variants but with different prob-
abilities and favouring some variants over others (which 
was adapted from [32]).

The two last models in this review, Gurarie et  al. and 
McKenzie and Bossert, are simpler models which do not 
include variant switching and variant-specific immune 
responses: thus, including only two immune response 
components. Gurarie et al. propose a discrete model that 
assumes the effect of the adaptive immune response is 
forced to have “random falls” which implicitly allow for 
the immune response to lose effectivity when the parasite 
switches to a new variant. These falls in immune response 
decrease in magnitude during the course of an infec-
tion, as it is assumed that the general adaptive immune 
response builds up. The model of McKenzie and Bossert 
is the only model presented here which is built around a 
set of differential equations in a continuous time frame. 
Capable of representing the general infection pattern 
(high initial peak followed by a decrease in parasitae-
mia), the model is not designed to reproduce consecutive 
peaks and droughts observed in the malariatherapy time-
series data. This model was developed to allow for differ-
ent genotypes to infect the host, and to explore the effect 
of different gametocyte dynamics on malaria transmis-
sion. This model does not include variants nor allow for 
variant switching dynamics to impact immune dynamics.

Including inter‑individual variability
The models attempt to replicate time-series observed in 
subsets of the malariatherapy data, either with formal or 
less formal fitting, or at least attempting to reproduce the 
general pattern observed. The Molineaux et al. model was 
fitted to 35 (out of 318) patients from the malariatherapy 
data, who were spontaneously cured and received no 
other treatment. Other models used a larger number of 
malariatherapy patients (Table  1) to be less restrictive 
and avoid selection biases. More details on model fit-
ting can be found in Additional file 1: Table S3. There is 
considerable variation in infection dynamics across the 
malariatherapy patients, both in magnitude and structure 
of peaks of parasite numbers, and in length of infections 
(Figs.  3, 4). This inter-individual variability inherently 
includes detection and clinical measurement error but 
is also a result of the stochastic nature of the biological 
mechanisms involved. These dynamics and observed 
variability are challenging to replicate. In order to cap-
ture the variability, models often implement stochasticity 
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either in the parameters defining parasite multiplication 
rate and/or in the implementation and effect of the innate 
and general adaptive immune responses (Molineaux et al. 
and Molineaux-adapted); by creating a stochastic model 
with most variables defined by Binomial or Normal dis-
tributions (Gatton and Cheng, and Eckhoff); or by fitting 
parameters separately to each patient (Molineaux et  al., 
Mckenzie and Bossert, and Gurarie et al.). Similarly, the 
model developed by Childs and Buckee is deterministic 
but can include different infection patterns by varying 
parameter values within the ranges specified in the pub-
lication [24].

Time series of parasite density
Time series of parasite density, summary statistics 
(described in Methods) of true parasitaemia profiles 
from 315 and 35 malariatherapy patients [12], alongside 
time series and summary statistics calculated from 1750 
simulated parasitaemia profiles for the five models, are 
shown in Figs. 3 and 4, and in Additional file 1: Table S1 
with distribution of infection length in Additional file 1: 
Figure S3. Although care was taken with new or adapted 
code, there may be small differences from the original 
publications.

The observed log10 parasite densities of the patients 
from the malariatherapy data varies significantly across 
the patients, a variability which appears to be accounted 
for in the models (Fig. 3). The 35 patient subset included 
only infections that ended naturally, and excluded acute 
very short infections. In Molineaux et  al., most infec-
tions cease before day 200, with a subset of simulated 
parasitaemia appearing to be chronic infections that do 
not end before the end of the simulation. The model of 
Johnston et  al. increased the variant-specific immune 
response decay compared to Molineaux et  al., thereby 
decreasing the immune response’s efficiency. This results 
in increased simulated infection lengths compared to 
the simulations in Molineaux et  al. The general shape 
of decay in parasite densities from Johnston et  al. also 
appears to be more exponential-like compared to the 
other models, which is most likely a result of the stronger 
effect of the general adaptive immune response. In Chal-
lenger et al., simulations indicate a general pattern of two 
peaks, the first is followed by a decrease as a result of the 
innate immune responses, followed by a second wave of 
parasitaemia that is controlled by the variant-specific and 
general immune responses. Simulations from Gatton and 
Cheng indicate a slightly different time course of peaks 
compared to those predicted from Molineaux et al. and 
the models adapted from Molineaux et  al. Simulations 
from Gatton and Cheng indicate a general first peak with 
a sharp decrease in parasite densities with initial innate 
immune responses, followed by new peaks in parasite 
densities given the probabilistic approach taken in Gat-
ton and Cheng (see Additional file  1: Table  S2 for the 
equations). The general decline in predicted parasite den-
sities (decreasing peaks) is not reflected in the summary 
statistics (Fig. 4). In Eckhoff’s model the first peak is fol-
lowed by much lower peaks, resulting in a steeper slope 
of peaks in the summary statistics (Fig.  4). The average 
infection lengths are consistent with the 35 malariather-
apy dataset, although it is worth noting that the Eckhoff 
model was fitted to a larger dataset from the malaria-
therapy patients including more than the 35 patients in 
Molineaux et al.

Total parasite multiplication rate during infection
Each variant-specific parasite density in the simulations 
was tracked in all models except Challenger et  al. and 
Eckhoff, the former because the equations do not explic-
itly model each variant and the latter due to the computa-
tional complexities of tracking each variant. The average 
multiplication rate at each time step is shown in Fig.  5. 
For Gatton and Cheng, and for Eckhoff, the multiplica-
tion rate of the parasites, defined as the multiplication 
rate without the effect of any host immune response, 
is fixed at 16 per cycle and remains the same for all 
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Fig. 3  Observed and predicted total asexual parasite density. From 
top to bottom, the observed log10 asexual parasite density in time 
of the 315 patients from the malariatherapy dataset, the 35 patients 
from the malariatherapy dataset, and the predicted log10 asexual 
parasite density in time from the Molineaux et al. (M), the Johnston 
et al. (J), the Challenger et al. (C), the Gatton and Cheng. (G), and 
the Eckhoff simulations (E). The solid line represents the median 
across the 1750 simulations per model or patients for the dataset, 
the colored shaded area the interquartile range (Q25–Q75) and the 
light grey shaded area the minimum and maximum. The horizontal 
dashed line indicated the threshold of positive observation (10 PRBC/
μl)
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simulations and time (Fig. 4d, e). For Johnston et al. and 
Molineaux et  al., each variant-specific parasite has its 
own multiplication rate drawn from a Normal distribu-
tion with mean of 16. For each time step, the overall mul-
tiplication rate for Johnston et al. and Molineaux et al. is 
thus the weighted average of the variant-specific multipli-
cation (see Methods).

Therefore, these two models have a constant multi-
plication rate, in time, for each variant-specific parasite. 
However, the overall multiplication rate fluctuates over 
time, representing the competition between variant-spe-
cific parasites (with different multiplication factors), with 
new variants appearing, and other variants disappearing 
throughout the infection. For some simulations (Molin-
eaux et al. and Johnston et al.), the overall multiplication 
rate is high at the beginning of the infection (Fig. 5a, b) 
and causes a peak in parasitaemia density. The predicted 
infection length for a subset of simulations from both 
Molineaux et al. and Johnston et al. is very long, and in 
these subsets of simulations, the overall multiplication 
rate is in fact high throughout the infection (see Addi-
tional file 1: Fig. S2).

In Challenger et al., the multiplication rate at each time 
step is an input parameter of the model. It is both drawn 
from a Normal distribution with mean 16 and correlates 
with the previous time step [25] (see Additional file  1: 
Table  S2). Thus, the median multiplication rate across 
all simulations remains constant at 16 by design (Fig. 5c). 
Taking the example of a single simulation (Fig.  6), the 
pattern of overall parasitaemia in the Challenger model 
is less driven by the average growth rate in time com-
pared with the simulations for Molineaux et  al. and 
Johnston et al. (Fig. 6a–c). Molineaux et al. reported that 
a varying overall parasite multiplication rate, and thus 
the parasite inherent proliferation rate (without immu-
nity), is essential to recreate observed peaks in parasitae-
mia in the dataset. Furthermore, long-lasting infections 
only occurred in models that express highly multiplying 
variants. Overall, this indicates infection dynamics in 
Molineaux et al. and Johnston et al. are primarily driven 
by stochasticity in the inherent growth of the parasites, 
whereas in Challenger et  al., Gatton and Cheng, and 
Eckhoff, the stochasticity in their predicted dynamics is 
driven more by immune responses and subsequent kill-
ing effects.

Fig. 4  Descriptive summary statistics of the observed and predicted time course of total asexual parasite density. The nine descriptive summary 
statistics as defined in Molineaux et al. (see methods), for the dataset and the 5 models (by colour). Squares indicate the median, and bars the 
interquartile range. In each plot, from left to right, the estimates are shown for the 315 patients (D) and the 35 patients (d) from the malariatherapy, 
and for the simulated models of Molineaux et al. (M), Johnston et al. (J), Challenger et al. (C), Gatton and Cheng (G), and Eckhoff (E)
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Immune response dynamics in the models
In terms of immune response variability between the sim-
ulations (and thus assumed to exist between individuals), 
the highest variance across individuals arises from the 
variant-specific immune response, followed by the innate 
immune response, with the general adaptive response 
being reasonably consistent across individuals for the 
models (Additional file 1: Fig. S3). The key assumptions 
around immune dynamics for each model are summa-
rized in Table  2. The simulated immune responses are 
shown for five models in the middle row plots in Fig. 5, 
and examples of single simulations are shown in Fig.  6. 
Note that in Gatton and Cheng and in Eckhoff, the effects 
of the immune responses are drawn from Binomial distri-
butions; thus, the variability in the effects of the immune 
responses are not entirely captured in the immune time 
plots of Figs. 5 and 6.

The innate immune response is mainly active at the 
beginning of the infection (approximately the first 
20–50 days in the different models) as it responds directly 
to high levels of parasite density. In Eckhoff’s model, the 
innate immune response is modulated by the adaptive 
immune response, reducing with increasing antibodies 
against the parasite population, making this model the 
only one with direct feedback between innate and adap-
tive immune response.

The variant specific immune response, effective against 
variant-specific parasite after delay, is modeled for each 
variant explicitly in Molineaux et al., Johnston et al., Gat-
ton and Cheng, and Eckhoff. The increased decay rate 
in Johnston et al. compared to Molineaux et al. leads to 
a reduction in the immune responses (Fig.  5). In Chal-
lenger et al., once the variant-specific immune response 
is activated, it is quickly efficient in reducing parasite 
densities compared to the other two models (steeper 
slope in the variant-specific immune response curve 
in  Fig.  5  and  Additional file  1: Fig. S2). This efficient 
immune response likely explains the steep decrease after 
the first wave of parasite density. In Gatton and Cheng, 
the variant-specific response is activated when the var-
iant-specific parasite density reaches the threshold of 
12 PRBC/μl [24], and the magnitude is increased if the 
antibody was already produced during the infection. 
When there are high peaks throughout the infection, the 

variant-specific immune response remains very active 
throughout the predicted infections from Gatton and 
Cheng.

The general adaptive immune response increases in 
time since the start of the infection, responding to the 
cumulative parasite density (Molineaux et al., Molineaux-
adapted, Eckhoff, McKenzie and Bossert, and Gurarie 
et al. models), time (Gatton and Cheng) or a combination 
of both time and parasite density (Childs and Buckee). An 
important finding is that by comparing all three immune 
responses and the total net immune response (Figs. 5 and 
6), the general immune response is the main effector of 
reducing parasite density in all models approximately 
after 50 days from start of infection. However, the variant 
immune response will ultimately end the infection. The 
decrease of the critical density for the general adaptive 
immune response in Johnston et al. and Challenger et al., 
compared to Molineaux et  al. (see model description 
and Additional file 1: Table S2) leads to a higher effect of 
the general adaptive immune response in those models, 
which compensates for the weaker effect of the variant-
specific immune response.

Discussion
In this study, eight published mechanistic within-host 
models of the asexual blood-stage dynamics of P. falci-
parum were reviewed, five of which were reproduced 
via simulation analysis. Several features and simula-
tion outputs from the models were compared includ-
ing the predicted time-series of asexual parasitaemia, 
modelled growth rates, innate immune responses, var-
iant-specific immune responses, and general adaptive 
immune responses. The models varied widely in com-
plexity. Rather simple models such as McKenzie and 
Bossert have the advantage that they do not rely heav-
ily on assumptions of unknown biological mechanisms, 
while more complex models, such as Eckhoff or Childs 
and Buckee capture more detailed, yet less well under-
stood, immune and parasite mechanisms. Understanding 
the variation in multiplication rates, versus immune and 
other host factors, or random effects and measurement 
error, and their impact on parasite density variations is 
particularly important when the models are included in 
broader investigations of the effect of a vaccine, drug or 

Fig. 5  Asexual parasite densities, immune responses, and multiplication rates in different models. Each panel shows, from top to bottom, 1. The 
log10 asexual density as in Fig. 3, with the horizontal dashed black line indicates the threshold of positive density (10 PBRC/μl); 2. The stacked 
magnitude (as the |log2(Rt + 1)| with Rt the median effect of each immune response) of the innate (orange), variant specific (red), and general 
adaptive (yellow) immune response, such that the maximum effect equals 1 and no effect equals 0; and 3. The overall (across variants, see Methods) 
multiplication rate, with the horizontal dashed line representing a multiplication rate of 16. The x-axis represents days of infection. Results are shown 
for a Molineaux et al., b Johnston et al., c Challenger et al., d Gatton and Cheng, and e Eckhoff. The x-axis represents days of infection, the solid line 
the median, the shaded area the interquartile range (Q25–Q75) and the grey lines the minimum and maximum resulting from the 1750 simulations

(See figure on next page.)
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Fig. 5  (See legend on previous page.)
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other interventions aimed to modify parasite growth pat-
terns. The overview presented here provides a general 
understanding of those models.

Model composition varies in complexity and uncertainty
Parasite and host dynamics are represented in the 
mechanistic models via detailed description of the para-
site replication dynamics, and up to four host immune 
responses. Each model has its own additional complex-
ity, specifications, and advantages. For example, to obtain 
increased detail of the host’s response, some models 
include red blood cell availability and limit the maximum 
immune response capacity. Or, to include more details 
in the parasite dynamics, some models include specific 
variant switching mechanisms. Models generally define 
a negative feedback loop between the parasite density or 
cumulative parasite density since the start of the infec-
tion and the effect of the immune responses, and in addi-
tion some models add the time of infection (Gatton and 
Cheng, Childs and Buckee, Eckhoff) as a determinant for 
the magnitude of the general immune response.

Including stochasticity in the models is particularly 
relevant for the within host dynamics of P. falciparum 
as the infection patterns observed in the malariather-
apy data are highly variable among patients. Yet this is 
a challenge for modellers as it requires more complex 
models that include stochasticity, and it requires cap-
turing inter-individual variation in the fitting process. 
Molineaux et  al. proposed nine summary statistics for 
the 35 malariatherapy patients as outcomes of inter-
est to be reproduced. Other models have used those 
summary statistics to describe the dataset, although 
most did not include all nine. Given the limitations 
of the malariatherapy dataset, the models should not 
aim to reproduce all nine features, nevertheless char-
acteristics such as a wide range of infection lengths, a 
high early peak representing the acute infection phase, 
sometimes followed by chronic infection, should be 
accounted for. In the context of within host models 
used for modelling transmission and impact of inter-
ventions, additional key features to capture, which were 
not included in the current analysis, are infectiousness 
and symptomatology.

Our analysis highlighted that the Molineaux et al. and 
the Molineaux-adapted models have likely allocated too 
much stochasticity to the individual parasite multiplica-
tion rates, thus masking other mechanisms, and plac-
ing relatively less importance on immune responses and 
other host factors. Furthermore, for these models, their 
assumptions concerning the inherent multiplication 
rates of the parasites differ from other models, along 
with assumptions of large variability in the variant-spe-
cific parasite multiplication rates in the absence of any 
immune response. These dynamics were found to be 
essential in the Molineaux et al. and Molineaux-adapted 
models to reproduce clinical malariatherapy patterns of 
infection, rather than immune responses [22]. In particu-
lar, in Molineaux et al. and Johnston et al., longer infec-
tions result from the expression of variants with a high 
multiplication rate towards the end of the infections for 
later variants. In contrast, the other models did not rely 
on variation to capture infection patterns. Instead, vari-
ation was mainly included in the control of infection due 
to immune responses and switching mechanisms.

For models including multiple parasite variants, the 
variant switching dynamics are an important mecha-
nism driving the parasitaemia predictions. The switching 
dynamics define how the parasite goes from expressing 
one PfEMP1 variant to another one at the next genera-
tion to evade the immune response. Switching dynam-
ics in the models have been assumed to respond to the 
variant specific immune response (Molineaux et  al. and 
Johnston et  al.), to the current variant population size 
(Eckhoff), or were determined by more sophisticated 
switching networks (Childs and Buckee, Gatton and 
Cheng). Both the variant switching dynamics and the 
variant-specific immune response are essential driv-
ers of infection patterns and inter-individual variability 
in all models (except McKenzie which does not include 
variants). With detailed var gene transcription analy-
sis studies limited to early days of infection in volunteer 
infection studies (VIS) [33–35], data available to inform 
the models on switching dynamics over the entire course 
of an infection remain insufficient.

The various assumptions around the mechanisms of 
action of the different immune responses and the inter-
play between parasite and host highlight the challenge of 

(See figure on next page.)
Fig. 6  Example of asexual parasite densities, immune responses, and multiplication rates in single simulations from different models. Each panel 
shows, from top to bottom, 1. the log10 asexual density and variant specific asexual parasite density, with the horizontal dashed black line indicates 
the threshold of positive density (10 PBRC/μl); 2. The stacked magnitude (as the |log2(Rt + 1)| with Rt the effect of each immune response) of the 
innate (orange), variant specific (red), and general adaptive (yellow) immune responses, with 1 representing maximum effect and 0 no effect for 
each immune response type; and 3. The overall (across variants, see Methods) multiplication rate, with the horizontal dashed line representing a 
multiplication rate of 16. The x-axis represents days of infection. Results are shown for a Molineaux et al., b. Johnston et al., c Challenger et al., d 
Gatton and Cheng, and e Eckhoff
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Fig. 6  (See legend on previous page.)
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realistically reproducing the time-series observed in the 
malariatherapy dataset, especially the inter-individual 
variability. This challenge is confounded since there is 
limited knowledge of the biological mechanisms at play.

Parasite multiplication rates might be lower than initially 
assumed
It is commonly agreed that a single iRBC produces 16 
merozoites [3], of which a portion successfully invade 
new erythrocytes. Growth rates in vivo are more difficult 
to measure, and compared to the assumed multiplica-
tion factor of 16, includes the host-parasite interactions, 
which reduce the observed parasite growth. Several inde-
pendent statistical models previously estimated parasite 
growth at onset of infections in both malariatherapy or 
VIS. Estimates from the malariatherapy dataset range 
between 10 and 18 [36], or 6 and 24 [20]. In malaria VIS 
the growth factor was estimated to be between 12 and 
15 [37], and in the control cohort of vaccines AMA1-
based vaccine challenge between 14 and 21 [38]. More 
recently, estimated  ex vivo multiplication factors for 
different malaria genotypes were found to be between 
2–11 for laboratory strains and new clinical isolates [39]. 
One hypothesis explaining the variation among parasite 
growth relies on the differential capacity of the PfEMP1-
variants to evade splenic clearance, with the hypothesis 
that a subgroup of PfEMP1 expressing parasites might be 
fast growing (due to increased cytoadherence and thus 
decreased splenic clearance) [40]. This mechanism may 
explain differing growth rates among parasites expressing 
different variants, and explain apparent higher multipli-
cation rates in naïve individuals if their parasites express 
the fast growing PfEMP1 subgroup [40]. Variance in par-
asite multiplication rates among clones and among infec-
tions across individuals is possible due to this variance in 
successful avoidance of splenic clearance during blood-
stage replication, however, it is unclear whether the range 
should include an overall multiplication factor as large 
as 32 or 35, as in some models reviewed here (namely in 
[21–23, 25]). RBC availability might also constrain suc-
cessful invasion of RBCs and thus affect the effective rep-
lication of the parasite. Recent in vitro studies highlighted 
distinct RBC invasion strategies of P. falciparum strains, 
with parasites that favour RBCs of different age [41], and 
different parasite strains either invading a larger frac-
tion of RBCs at lower rates or invading smaller fraction 
of RBCs at a higher rates [41]. In addition to potential 
age-dependent differences in RBC availability, it is known 
that certain RBC polymorphisms, for example sickle cell 
traits and blood groups [42] impact the invasion of RBCs. 
These studies suggest that variability in effective parasite 
growth, both within host and across individuals, might 

be attributable to heterogeneous RBC accessibility and 
susceptibility to parasite invasion.

Variant switching and immune response modeling are 
limited by current knowledge
Switching mechanisms are not well understood, and it 
remains unclear if the switching mechanisms are driven 
by antibody response (as in [22]) or are not directly influ-
enced by the immune pressure (as in [21, 24]). In contrast 
to the assumptions made in the models reviewed here, 
it is likely that parasites express more than one vari-
ant, if not all variants, during the first blood stage gen-
eration [34]. As highlighted by Childs and Buckee [21], 
this finding challenges the current understanding on the 
underlying mechanisms leading to chronic infections. 
Cross-reactivity, suggested as a mechanism necessary for 
chronic infections [43] and included explicitly in Gatton 
and Cheng, Childs and Buckee, and in Eckhoff would not 
allow for chronic infections if all variants are expressed 
at infection onset [44], and models would have difficul-
ties to recover long infection patterns. The lack of under-
standing about the switching dynamics supports the 
assumptions in Challenger et al., as they only model total 
parasitaemia without modeling switching between vari-
ants. The models described by McKenzie and Bossert, 
and Gurarie et  al., are less complex and do not model 
variant-specific parasitaemia, offering potential mod-
eling alternatives when detailed mechanisms of immune 
response are not needed. To our knowledge, there are 
few biological studies on the kinetics and interplay of the 
immune responses as defined by the models (innate, vari-
ant specific, and/or adaptive immune response). As such 
it is unclear how much each immune component affects 
the overall time course of infection. Therefore, it is not 
surprising that models differ in the relative importance 
of general or variant-specific immune responses. Moreo-
ver, in the absence of a clear biological understanding of 
the variability in infection time-series, model stochastic-
ity remains an important driver of the modelled immune 
and parasite dynamics.

Further data for new models
Blood samples can only inform on the level of circulating 
parasites (and associated measures), thus current tools 
are blind to parasites while sequestered and hidden in 
capillaries to avoid splenic clearance [1]. Consequently, 
it remains difficult in humans to experimentally assess 
localized host-parasite interactions for a full understand-
ing of the role of different immune actors and potential 
resource limitation. Nevertheless, a few data sources on 
circulating parasites are available.
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It is essential to highlight here that the malariatherapy 
dataset cannot be considered as a typical time course of 
an infection, as the data come from patients with severe 
neurosyphilis, who were malaria naïve (although previ-
ous infection cannot be completely ruled out as some 
patient lived in area where malaria was endemic at that 
time), and did not include children. Furthermore, inocu-
lations were limited to a restricted set of parasite strains, 
measurements were prone to errors, and data did not 
include any measurements which could directly inform 
immune response and RBC dynamics, nor parasite gene 
expression dynamics. Thus, although the malariather-
apy data are the only detailed data available on infec-
tion time-course, models are not strictly evaluated by 
their ability to reproduce malariatherapy-like infections. 
Data on early infections are available in high detail from 
VIS. They provide precise quantification of parasitae-
mia at much lower detection threshold than the malar-
iatherapy data, and variant expression dynamics or other 
genetic traits relevant for understanding the dynamics 
in the first few days of blood stage infection can now be 
informed by such studies. Note that most of the para-
site densities measured in VIS fall below the 10 iRBC/μl 
detection threshold in the malariatherapy records, and 
untreated infections last ten days at most. Thus, most 
parasitaemia levels available from VIS would probably 
correspond to pre-recorded infection times in the malar-
iatherapy records, making a direct comparison between 
the two datasets difficult. Beyond early infections, mod-
els need to rely on longitudinal field data to assess their 
performance. Longitudinal field data are extremely 
important to explore the dynamics in realistic settings, 
with individuals living in endemic areas who are repeat-
edly exposed to malaria, including children who are most 
at risk for the disease, and including a range of genetic 
diversity and complexity of infection. Because immunity 
builds up with age and exposure [45], and genetic diver-
sity is a result of immune pressure, longitudinal and cross 
sectional field studies which include genetic analysis give 
important insights in malaria infection dynamics.

The current analysis and review focused on infec-
tions in naïve individuals and did not include a review 
of the models for their ability to capture infections in 
pre-exposed individuals. Although data is lacking, the 
immune effect of pre-exposure could be added to the 
models as a second step, for example by adding an over-
all reduction factor that would lower the magnitude of 
the parasite density in function of age and/or exposure, 
similar to an empirical model by Maire et al. [46]. The 
effect of co-infection was not included here and its 
implementation was a focus of the Childs and Buckee’s 
model [21], which hypothesizes that co-infections and 
super-infections have different effects based on the 

timing of the second infection, and that the effects of 
multiple infections seem to be poorly understood, and 
thus poorly included in models [21]. Recently many 
field studies focusing of genetic data and analysis are 
giving insights in the effect and dynamics of multiple 
infections on a population scale (for example [47, 48]), 
yet empirical data on the time course of complex infec-
tions are sparse and insufficient to validate models of 
co-infections, relying on data from mouse models for 
detailed infection dynamics [49, 50].

Conclusions
This review provides insights on existing models of 
asexual P. falciparum blood-stage infections, and 
some insights on both known and unknown biological 
mechanisms driving infection dynamics. Blood-stage 
parasite densities are at the core of malaria transmis-
sion, morbidity and mortality. Thus, population models 
that include models of within-host parasite dynamics 
to estimate the impact of blood-stage drugs or vac-
cine, or estimate the impact of parasite resistance, 
should be aware of the underlying assumptions made 
in the within-host model and how those changes effect 
infection dynamics. Complex within host models offer 
a great range of hypothesis on unknown parasite and 
host mechanisms, which is an end in itself, but in the 
context of implementing within-host models in broader 
transmission models, simpler models might be equally 
useful.

Abbreviations
IBM: Individual-based model; (i)RBC: (Infected) red blood cell; PfEMP1: Plasmo-
dium falciparum Erythrocyte membrane protein 1; P. falciparum:  Plasmodium 
falciparum; VIS: Volunteer infection studies.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12936-​021-​03813-z.

Additional file 1. Summary description of each model. Figure S1. Sche-
matic illustration of an infection and variant specific immune responses at 
a given time point from models Molineaux et al., Johnston et al., and Chal-
lenger et al..Table S1. Summary statistics of the observed malariatherapy 
data and the models. Figure S2. Immune responses, multiplication rates 
and asexual parasite densities in different models. Figure S3. Distribu-
tion of infection length in the malariatherapy dataset and in the models. 
Table S2. Model equations

Acknowledgements
We acknowledge and thank our colleagues in the Infectious Disease Modeling 
unit of the Swiss Tropical and Public Health Institute for fruitful discussions 
that led to improvement of this work. We thank Lauren Childs for discussions 
on her model in particular as well as for the other models. Finally, we thank the 
two reviewers, who gave insightful comments that improved the quality of 
this manuscript.

https://doi.org/10.1186/s12936-021-03813-z
https://doi.org/10.1186/s12936-021-03813-z


Page 21 of 22Camponovo et al. Malar J          (2021) 20:309 	

Authors’ contributions
Conception: FC, MAP—Design: FC, MAP—Analysis: FC, MAP, JRR and JG—
Interpretation: FC, MAP, TEL, LB, JRR, JG—Drafted the work: FC—Substantial 
revision: FC, MAP, TEL, LB. All authors have reviewed and approved the 
manuscript.

Funding
The design, analysis, and writing of the manuscript was funded by the 
Swiss National Science Foundation through the SNF Professorship of MAP: 
PP00P3_170702.

Availability of data and materials
The outputs generated and analysed during the current study are available 
from the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Swiss Tropical and Public Health Institute, Basel, Switzerland. 2 University 
of Basel, Basel, Switzerland. 3 Center for Communicable Disease Dynamics, 
Department of Epidemiology, Harvard T. H. Chan School of Public Health, 
Boston, MA 02115, USA. 4 Institute of Disease Modeling, Bill & Melinda Gates 
Foundation, 500 5th Ave N, Seattle, WA 98109, USA. 5 Department of Pre-
ventive Medicine and Institute for Global Health, Northwestern University, 
Chicago, IL, USA. 

Received: 5 March 2021   Accepted: 11 June 2021

References
	1.	 Cowman AF, Healer J, Marapana D, Marsh K. Malaria: biology and disease. 

Cell. 2016;167:610–24.
	2.	 Miller LH, Ackerman HC, Su X, Wellems TE. Malaria biology and disease 

pathogenesis: insights for new treatments. Nat Med. 2013;19:156–67.
	3.	 Matthews H, Duffy CW, Merrick CJ. Checks and balances? DNA replication 

and the cell cycle in Plasmodium. Parasit Vectors. 2018;11:216.
	4.	 Felger I, Maire M, Bretscher MT, Falk N, Tiaden A, Sama W, et al. The 

dynamics of natural Plasmodium falciparum infections. PLoS ONE. 
2012;7:e45542.

	5.	 Idris ZM, Chan CW, Kongere J, Hall T, Logedi J, Gitaka J, et al. Naturally 
acquired antibody response to Plasmodium falciparum describes hetero-
geneity in transmission on islands in Lake Victoria. Sci Rep. 2017;7:9123.

	6.	 Ouédraogo AL, Roeffen W, Luty AJF, de Vlas SJ, Nebie I, Ilboudo-Sanogo 
E, et al. Naturally acquired immune responses to Plasmodium falciparum 
sexual stage antigens Pfs48/45 and Pfs230 in an area of seasonal trans-
mission. Infect Immun. 2011;79:4957–64.

	7.	 Kyes SA, Kraemer SM, Smith JD. Antigenic Variation in Plasmodium 
falciparum: gene organization and regulation of the var multigene family. 
Eukaryot Cell. 2007;6:1511–20.

	8.	 Smith NR, Trauer JM, Gambhir M, Richards JS, Maude RJ, Keith JM, et al. 
Agent-based models of malaria transmission: a systematic review. Malar J. 
2018;17:299.

	9.	 Mandal S, Sarkar RR, Sinha S. Mathematical models of malaria - a review. 
Malar J. 2011;10:202.

	10.	 Molineaux L, Dietz K. Review of intro-host models of malaria. Parassitolo-
gia. 1999;41:221–31.

	11.	 Anderson RM, May RM, Gupta S. Non-linear phenomena in host-parasite 
interactions. Parasitology. 1989;99:S59.

	12.	 Collins WE, Jeffery GM. A retrospective examination of sporozoite- and 
trophozoite-induced infections with Plasmodium falciparum: develop-
ment of parasitologic and clinical immunity during primary infection. Am 
J Trop Med Hyg. 1999;61:4–19.

	13.	 Collins WE, Jeffery GM. A retrospective examination of mosquito infection 
on humans infected with Plasmodium falciparum. Am J Trop Med Hyg. 
2003;68:366–71.

	14.	 Collins WE, Jeffery GM. A retrospective examination of sporozoite-
induced and trophozoite-induced infections with Plasmodium ovale: 
development of parasitologic and clinical immunity during primary 
infection. Am J Trop Med Hyg. 2002;66:492–502.

	15.	 Collins WE, Jeffery GM. A retrospective examination of the patterns of 
recrudescence in patients infected with Plasmodium falciparum. Am J 
Trop Med Hyg. 1999;61:44–8.

	16.	 Roberts JM, Jeffery GM, Collins WE. A retrospective examination of 
reinfection of humans with Plasmodium vivax. Am J Trop Med Hyg. 
2004;70:642–4.

	17.	 Gurarie D, Karl S, Zimmerman PA, King CH, St. Pierre TG, Davis TME. Mathe-
matical modeling of malaria infection with innate and adaptive immunity 
in individuals and agent-based communities. PLoS ONE. 2012;7:e34040.

	18.	 McKenzie FE, Bossert WH. An integrated model of Plasmodium falciparum 
dynamics. J Theor Biol. 2005;232:411–26.

	19.	 Eckhoff PP. falciparum infection durations and infectiousness are shaped 
by antigenic variation and innate and adaptive host immunity in a math-
ematical model. PLoS ONE. 2012;7:e44950.

	20.	 Dietz K, Molineaux L, Raddatz G. Mathematical model of the first wave 
of Plasmodium falciparum asexual parasitemia in non-immune and vac-
cinated individuals. Am J Trop Med Hyg. 2006;75:46–55.

	21.	 Childs LM, Buckee CO. Dissecting the determinants of malaria chronicity: 
why within-host models struggle to reproduce infection dynamics. J R 
Soc Interface. 2015;12:20141379.

	22.	 Molineaux L, Diebner HH, Eichner M, Collins WE, Jeffery GM, Dietz K. 
Plasmodium falciparum parasitaemia described by a new mathematical 
model. Parasitology. 2001;122:379–91.

	23.	 Johnston GL, Smith DL, Fidock DA. Malaria’s missing number: calculating 
the human component of R0 by a within-host mechanistic model of 
Plasmodium falciparum infection and transmission. PLoS Comput Biol. 
2013;9:e1003025.

	24.	 Gatton ML, Cheng Q. Investigating antigenic variation and other para-
sitehost interactions in Plasmodium falciparum infections in nave hosts. 
Parasitology. 2004;128:367–76.

	25.	 Challenger JD, Bruxvoort K, Ghani AC, Okell LC. Assessing the impact of 
imperfect adherence to artemether-lumefantrine on malaria treatment 
outcomes using within-host modelling. Nat Commun. 2017;8:1373.

	26.	 MATLAB and Statistics Toolbox Release 2018b, The MathWorks, Inc., 
Natick, Massachusetts, United States.

	27.	 Challenger J. JDChallenger/adherence_project [Internet]. 2017. https://​
github.​com/​JDCha​lleng​er/​adher​ence_​proje​ct. Accessed 25 Apr 2019.

	28.	 Bershteyn A, Gerardin J, Bridenbecker D, Lorton CW, Bloedow J, Baker RS, 
et al. Implementation and applications of EMOD, an individual-based 
multi-disease modeling platform. Pathog Dis. 2018;76:fty059.

	29.	 R Core Team. R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing, Vienna, Austria, 2020. ISBN 
3-900051-07-0. http://​www.R-​proje​ct.​org.

	30.	 Paget-Mcnicol S, Gatton M, Hastings I, Saul A. The Plasmodium falciparum 
var gene switching rate, switching mechanism and patterns of parasite 
recrudescence described by mathematical modelling. Parasitology. 
2002;124:225–35.

	31.	 Peters J, Fowler E, Gatton M, Chen N, Saul A, Cheng Q. High diversity 
and rapid changeover of expressed var genes during the acute phase of 
Plasmodium falciparum infections in human volunteers. Proc Natl Acad 
Sci USA. 2002;99:10689–94.

	32.	 Noble R, Christodoulou Z, Kyes S, Pinches R, Newbold CI, Recker M. The 
antigenic switching network of Plasmodium falciparum and its implica-
tions for the immuno-epidemiology of malaria. Elife. 2013;2:e01074.

	33.	 Wang CW, Hermsen CC, Sauerwein RW, Arnot DE, Theander TG, Lavstsen 
T. The Plasmodium falciparum var gene transcription strategy at the 
onset of blood stage infection in a human volunteer. Parasitol Int. 
2009;58:478–80.

	34.	 Bachmann A, Petter M, Krumkamp R, Esen M, Held J, Scholz JAM, 
et al. Mosquito passage dramatically changes var gene expression in 

https://github.com/JDChallenger/adherence_project
https://github.com/JDChallenger/adherence_project
http://www.R-project.org


Page 22 of 22Camponovo et al. Malar J          (2021) 20:309 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

controlled human Plasmodium falciparum infections. PLoS Pathog. 
2016;12:e1005538.

	35.	 Lavstsen T, Magistrado P, Hermsen CC, Salanti A, Jensen AT, Sauerwein 
R, et al. Expression of Plasmodium falciparum erythrocyte membrane 
protein 1 in experimentally infected humans. Malar J. 2005;4:21.

	36.	 Simpson JA, Aarons L, Collins WE, Jeffery GM, White NJ. Population 
dynamics of untreated Plasmodium falciparum malaria within the adult 
human host during the expansion phase of the infection. Parasitology. 
2002;124:247–63.

	37.	 Cheng Q, Gregor L, Stowers A, Lisa R-C, Alison C, Richard C, et al. Measure-
ment of Plasmodium falciparum growth rates in vivo: a test of malaria 
vaccines. Am J Trop Med Hyg. 1997;57:495–500.

	38.	 Duncan CJA, Sheehy SH, Ewer KJ, Douglas AD, Collins KA, Halstead 
FD, et al. Impact on malaria parasite multiplication rates in infected 
volunteers of the protein-in-adjuvant vaccine AMA1-C1/Alhydrogel+CPG 
7909. PLoS ONE. 2011;6:e22271.

	39.	 Murray L, Stewart LB, Tarr SJ, Ahouidi AD, Diakite M, Amambua-Ngwa A, 
et al. Multiplication rate variation in the human malaria parasite Plasmo-
dium falciparum. Sci Rep. 2017;7:6436.

	40.	 Abdi AI, Hodgson SH, Muthui MK, Kivisi CA, Kamuyu G, Kimani D, et al. 
Plasmodium falciparum malaria parasite var gene expression is modified 
by host antibodies: longitudinal evidence from controlled infections of 
Kenyan adults with varying natural exposure. BMC Infect Dis. 2017;17:585.

	41.	 Cai FY, DeSimone TM, Hansen E, Jennings CV, Bei AK, Ahouidi AD, 
et al. Accounting for red blood cell accessibility reveals distinct inva-
sion strategies in Plasmodium falciparum strains. PLoS Comput Biol. 
2020;16:e1007702.

	42.	 Goheen MM, Campino S, Cerami C. The role of the red blood cell in host 
defence against falciparum malaria: an expanding repertoire of evolu-
tionary alterations. Br J Haematol. 2017;179:543–56.

	43.	 Recker M, Nee S, Bull PC, Kinyanjui S, Marsh K, Newbold C, et al. Transient 
cross-reactive immune responses can orchestrate antigenic variation in 
malaria. Nature. 2004;429:555–8.

	44.	 Klein EY, Graham AL, Llinás M, Levin S. Cross-reactive immune responses 
as primary drivers of malaria chronicity. Infect Immun. 2014;82:140–51.

	45.	 Rodriguez-Barraquer I, Arinaitwe E, Jagannathan P, Kamya MR, Rosenthal 
PJ, Rek J, et al. Quantification of anti-parasite and anti- disease immunity 
to malaria as a function of age and exposure. Elife. 2018;7:e35832.

	46.	 Maire N, Molineaux L, Smith T, Owusu-Agyei S, Ross A, Dietz K. A model 
for natural immunity to asexual blood stages of Plasmodium falciparum 
malaria endemic areas. Am J Trop Med Hyg. 2006;75:19–31.

	47.	 Nkhoma SC, Trevino SG, Gorena KM, Nair S, Khoswe S, Jett C, et al. 
Co-transmission of related malaria parasite lineages shapes within-host 
parasite diversity. Cell Host Microbe. 2020;27:93-103.e4.

	48.	 Early AM, Lievens M, MacInnis BL, Ockenhouse CF, Volkman SK, Adjei 
S, et al. Host-mediated selection impacts the diversity of Plasmodium 
falciparum antigens within infections. Nat Commun. 2018;9:1381.

	49.	 Bushman M, Antia R, Udhayakumar V, de Roode JC. Within-host com-
petition can delay evolution of drug resistance in malaria. PLoS Biol. 
2018;16:e2005712.

	50.	 de Roode JC, Helinski MEH, Anwar MA, Read AF. Dynamics of multiple 
infection and within-host competition in genetically diverse malaria 
infections. Am Nat. 2005;166:531–42.

	51.	 Gatton ML, Peters JM, Fowler EV, Cheng Q. Switching rates of Plasmo-
dium falciparum var genes: faster than we thought? Trends Parasitol. 
2003;19:202–8.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Mechanistic within-host models of the asexual Plasmodium falciparum infection: a review and analytical assessment
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Malariatherapy dataset
	Models and simulation code
	Model simulation and assessment
	Assessment of parasite growth and host immunity for the re-simulated models

	Results
	Overall model structure
	Model specificities
	Including inter-individual variability
	Time series of parasite density
	Total parasite multiplication rate during infection
	Immune response dynamics in the models

	Discussion
	Model composition varies in complexity and uncertainty
	Parasite multiplication rates might be lower than initially assumed
	Variant switching and immune response modeling are limited by current knowledge
	Further data for new models

	Conclusions
	Acknowledgements
	References




