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Abstract Malaria is a parasitic disease which takes approximately half a million
lives every year. The unicellular parasites are transmitted by mosquitoes and mainly
affect vascular blood flow by invading red blood cells (RBCs). The pathogenicity of
malaria primarily results from substantial changes in the stiffness of infected RBCs
and their ability to adhere to endothelial cells and other circulating blood cells, lead-
ing to a substantial disruption of normal blood circulation and inflammation of the
vascular endothelium. Multiscale modeling of malaria has proved to contribute sig-
nificantly to the understanding of this devastating disease. In particular, modeling on
the level of single infected RBCs allows quantification of their mechanics, cytoad-
herence, and individual as well as collective behavior in blood flow. Recent model-
ing advances in this direction are discussed. We show how computational models in
malaria are validated and used for the interpretation of experimental observations or
the establishment of new physical hypotheses. Such computational models have a
strong potential to elucidate a number of physical mechanisms relevant for malaria
and to aid in the development of novel diagnostic tools and treatment strategies.
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1 Introduction

Malaria is a mosquito-borne disease caused by Plasmodium parasites (Miller et al
2002). These are unicellular eukaryotic cells whose continuous battle with humans
has left a larger imprint on our genome than any other infectious disease. There
exist several Plasmodium species, including P. falciparum, P. vivax, P. ovale, P.
malariae, and P. knowlesi, which cause very different disease severity. P. falci-
parum (Pf) is considered to be the most dangerous form of the disease with sev-
eral hundred thousand deaths per year worldwide. The life cycle of a parasite is
schematically illustrated in Fig. 1. Motile sporozoites are injected into the human
skin during a mosquito blood meal. After entering the bloodstream, the sporozoites
travel to the liver and infect hepatocytes. Within about two weeks, tens of thousands
of merozoites form and are then released into the bloodstream, where they invade
red blood cells (RBCs). Following RBC invasion, merozoites multiply inside in-
fected RBCs (iRBCs) for about 48 hours and finally rupture the RBC membrane
(Abkarian et al 2011), releasing around 20 new merozoites into the bloodstream. At
the same time, some merozoites develop into the sexual form called gametocytes,
which can be taken up from the blood by mosquitoes. These gametocytes infect fe-
male mosquitoes, where they first develop in the gut and later move to the salivary
glands. This completes the life cycle of malaria parasites.

Infection of RBCs by malaria parasites leads to significant stiffening of the
iRBC membrane for the case of Pf parasites (Cranston et al 1984; Diez-Silva et al
2010). Membrane stiffening can be moderate for other malaria species. The intra-
erythrocytic development of Pf parasites includes three major stages, called ring
(0-24 hours), trophozoite (24-36 hours) and schizont (40-48 hours). During this de-
velopment, the RBC membrane can stiffen by up to a factor of ten in comparison
with healthy RBCs (Diez-Silva et al 2010; Fedosov et al 2011b). In addition, at the
schizont stage iRBCs attain a near-spherical shape, since the parasites change the
osmotic pressure inside the iRBC and also because they fill more and more of its
volume. The stiffening and shape change of iRBCs impair their ability to deform
and may lead to capillary occlusions (Cranston et al 1984; Shelby et al 2003).

Inside iRBCs, merozoites remain virtually invisible to the immune system. How-
ever, the membrane stiffening can be detected in the spleen, where RBCs have to
squeeze through narrow slits as a part of the RBC quality-control system (Engwerda
et al 2005; Pivkin et al 2016). In order to survive at the late stages (trophozoite and
schizont), parasites position adhesive proteins at the RBC membrane surface, which
mediate cell adhesion to the endothelium (Brown et al 1999; Miller et al 2002).
This mechanism delays or even prevents the passage of iRBCs through the spleen,
allowing enough time for parasites to develop and rupture the cell membrane. In-
terestingly, the adhesive system induced by the parasite is similar to the way white
blood cells (WBCs) adhere in the vasculature as a prerequisite for extravasating into
the surrounding tissue, e.g. in the context of an infection (Helms et al 2016). While
WBCs use hundreds of microvilli with adhesive tips, iRBCs use thousands of adhe-
sive knobs. In both cases, the protrusion from the surface seems essential to make
contact with the endothelium (Korn and Schwarz 2006). Cytoadhesion is also the
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Fig. 1 The life cycle of malaria parasites. A mosquito infects a human host during a blood meal
(stage 1). Then, malaria parasites in the form of sporozoites use blood vessels to reach the liver.
They infect hepatocytes, develop into merozoites, and finally rupture the liver cells and enter the
bloodstream again (stage 2). The merozoites invade RBCs, where they progress through the asex-
ual intra-erythrocytic stages, including ring, trophozoite, and schizont forms. Finally, RBCs are
ruptured and new merozoites are released into the bloodstream, closing the asexual cycle in the
blood (stage 3). Sexual forms are also produced in the blood (stage 4), which are taken up by
a mosquito (stage 5), resulting in its infection and development in the gut (stage 6). They again
become sporozoites and move to the salivary glands (stage 1), thus closing the malaria life cycle.
From National Institutes of Health (NIH).

main reason for the absence of the late stages of iRBCs in patient blood samples,
because adhesive cells remain immobile in the microvasculature. While cytoadhe-
sion facilitates further progression of malaria, it has a strong potential for severe
disruption of normal blood flow. Infected cells at the late stages are able to adhere
not only to the vascular endothelium, but also to other infected and healthy RBCs.
Adherence of iRBCs is likely to be the main cause of bleeding complications in
cerebral malaria due to blockages of small vessels in the brain (Adams et al 2002).
Cytoadherence also leads to inflammation of the vascular endothelium, which is an
important part of the symptoms of the disease (Miller et al 2002).

In this chapter, we focus on modeling various aspects of the malaria disease, us-
ing a multiscale computational framework. At the current stage, the multiscale ap-
proach to malaria already spans all relevant levels: from molecular aspects of RBC
remodeling by the parasite to cell-level changes in mechanics and cytoadherence of
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iRBCs, and to the flow of many RBCs in complex geometries. Computational mod-
els are validated by comparison with a growing range of single-cell experiments
under healthy and diseased conditions. Here, we discuss all levels of the multiscale
problem of the blood stage of malaria. In particular, we discuss how the RBC is
remodeled by the parasite. We then address modeling of RBC mechanics and the
changes it experiences over the course of intra-erythrocytic parasite development.
Simulations of parasite invasion of RBCs and the cytoadherence of iRBCs at the late
stages are described. Finally, we also review numerical efforts to understand blood
rheology and flow in malaria, and illustrate several microfluidic examples which can
be utilized as novel devices for malaria detection and diagnosis. The computational
modeling has proved to be a valuable tool in elucidating involved physical and bi-
ological mechanisms in malaria, and we discuss possible future steps, which can
bring realistic simulations closer toward medical applications.

2 Methods and models

2.1 Structure of healthy and infected red blood cells

Healthy human RBCs have a biconcave shape with approximately 7.5 to 8.7 µm in
diameter and 1.7 to 2.2 µm in thickness (Fung 1993). The RBC envelope consists of
a phospholipid bilayer and a network of spectrin proteins (cytoskeleton) attached at
the inner side of the bilayer via transmembrane proteins, see Fig. 2(a). The spectrin
network supplies shear elasticity to a RBC membrane, while the lipid bilayer serves
as a barrier for exchange of solutes and provides resistance to bending and viscous
damping when sheared. Human RBCs neither have organelles nor bulk cytoskeleton
and are filled with a highly concentrated hemoglobin solution. Viscosity of the cy-
tosol is about 6×10−3 Pa·s, while the plasma viscosity is approximately 1.2×10−3

Pa·s at a physiological temperature of 37oC (Wells and Schmid-Schönbein 1969).
Thus, the cytosol viscosity is about five times larger than that of the plasma under
physiological conditions.

In comparison to healthy cells, iRBCs contain a growing parasitic body inside
them. Furthermore, after the end of the ring stage or about halfway through the
asexual cycle, the iRBC membrane starts developing adhesive protrusions on its
surface, known as knobs, which are responsible for cytoadhesion. Knobs have been
visualized using scanning electron microscopy (SEM) (Gruenberg et al 1983) and
atomic force microscopy (AFM) (Nagao et al 2000; Quadt et al 2012) during the
different stages of the life cycle. These experiments have shown that the formation
of knobs is strain-dependent and variable, with a density of about 10−30 knobs/µm2

at the trophozoite stage and around 40− 60 knobs/µm2 at the schizont stage. The
height of knobs remains nearly constant around 10−20 nm, while the knob diameter
decreases from 160 nm to 100 nm (Gruenberg et al 1983), when iRBCs progress
from the trophozoite to the schizont stage.
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2.2 Overview of hydrodynamic methods

Modeling blood flow in malaria requires mathematical formulations for fluid flow
on the one side and blood cell shape and mechanics on the other side. Both blood
plasma and RBC cytosol can be considered to be viscous Newtonian fluids. For mi-
crocirculatory blood flow, we deal with hydrodynamics at low Reynolds numbers,
and therefore the Stokes equation has to be solved to describe fluid flow. For WBCs
and iRBCs in the schizont stage, a spherical cell shape can be assumed and analyt-
ical solutions are available for the Stokes equation (Cichocki and Jones 1998). For
the standard case of non-spherical RBCs, however, numerical approaches have to be
employed. Fluid flow can be simulated by a variety of methods including continuum
approaches based on the Navier-Stokes equations (Wendt 2009) and particle-based
simulation methods, such as smoothed particle hydrodynamics (Monaghan 2005),
dissipative particle dynamics (Pivkin et al 2011), and multi-particle collision dy-
namics (Gompper et al 2009). Even though continuum techniques are often faster
and more robust than particle-based methods, certain features such as thermal fluctu-
ations and the inclusion of suspended complex structures (e.g., molecules and cells)
are better suited for particle-based methods. Therefore, particle-based methods are
very popular for the modeling of the dynamics of complex fluids such as blood.

2.3 Adhesive dynamics of spherical cells

Modeling the motion of spherical cells, such as WBCs and iRBCs at the schizont
stage (Helms et al 2016; Dasanna et al 2017) is mathematically much simpler than
the motion of cells with a non-spherical shape. Adhesive dynamics of a spherical
cell in shear flow can be described by the Langevin equation (Hammer and Apte
1992; Korn and Schwarz 2007) as

∂tX(t) = u∞ +M{FS +FD}+ kBT ∇M+ξ (t), (1)

where X(t) is a six dimensional vector describing sphere translation and rotation,
M is the mobility matrix, u∞ is the imposed flow, and FS and FD denote shear (i.e.,
from fluid flow) and direct (e.g., gravity, adhesion) forces and torques, respectively.
The term with ∇M is a non-zero spurious drift, since the mobility matrix depends
on the sphere position. The last term ξ (t) corresponds to a random force which
represents thermal fluctuations and obeys the fluctuation-dissipation theorem with
an equilibrium temperature T .

For cell adhesion, stochastic bond dynamics is modeled between receptors on
the cell surface and ligands at the substrate. Bond association and dissociation are
governed by on- and off-rates, kon and koff, respectively. Usually kon is taken to be
constant and a bond with the rate kon may form between a receptor and a ligand if the
distance between them is less than a specified encounter distance r0. For an existing
bond, Bell’s equation koff = k0

off exp(F/Fd) (Bell 1978) is used to model that most
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(a) (b)

Fig. 2 (a) A schematic of the RBC membrane structure, showing the spectrin cytoskeleton be-
ing anchored to the lipid bilayer by transmembrane proteins. Reproduced with permission from
Hansen et al (1997). (b) Mesoscopic representation of a RBC membrane by a triangular network
of mechanical bonds. For iRBCs, adhesive bonds are anchored at the vertices of this network.
Reproduced with permission from Fedosov et al (2014).

bonds dissociate faster under force F , with an internal force scale Fd. Mechanically,
a bond is assumed to be a harmonic spring with a spring constant ks and equilibrium
bond length `0. The probability for bond association and dissociation is calculated
as P = 1− exp(−k∆ t), where ∆ t is the time step employed in simulations.

2.4 Modeling cell deformation

In the general case of a non-spherical cell shape, hydrodynamic flow has to be com-
bined with a deformable cell model. RBCs are modeled by a flexible network of
springs with triangular elements (Seung and Nelson 1988; Noguchi and Gompper
2005; Fedosov et al 2010), as shown in Fig. 2(b). The free energy of the membrane
is defined as

Ucell =Us +Ub +Ua+v, (2)

where Us is the spring’s potential energy to impose membrane shear elasticity, Ub is
the bending energy to represent bending rigidity of a membrane, and Ua+v stands for
the area and volume conservation constraints, which mimic area incompressibility
of the lipid bilayer and incompressibility of the cytosol, respectively. Linear proper-
ties of a regular hexagonal network can be derived analytically, providing a relation
between the model parameters and the membrane macroscopic properties (Seung
and Nelson 1988; Fedosov et al 2010). Similar to the adhesive dynamics for spher-
ical cells, receptors can be placed at the spring network and on- and off-rates can
be used to model adhesive interactions with the substrate (Fedosov et al 2011a,b).
More details on blood cell and flow modeling can be found in recent reviews (Li
et al 2013; Fedosov et al 2014; Freund 2014).



Multiscale modeling of malaria 7

3 Results

3.1 RBC shapes and mechanics

The biconcave shape of RBCs is controlled by the relative ratio between their mem-
brane area and cell volume and by the membrane elastic properties. The volume of
a RBC is about 35%-40% smaller than the volume of a sphere with the same sur-
face area. Thus, the reduced volume of a RBC is normally in the range between 0.6
and 0.65. Lipid vesicles with this reduced volume attain a biconcave shape which
closely resembles that of RBCs (Seifert et al 1991). In comparison to vesicles, RBC
membrane also possesses shear elasticity supplied by the spectrin network. This
mechanical component is important to prevent budding of vesicles from the RBC
membrane and membrane rupture under very large deformations. Therefore, the
equilibrium shape of RBCs in general are determined by a minimum energy of both
bending and shear-elastic contributions (Lim et al 2002).

For both contributions to the Hamiltonian, it is not clear what the appropriate
reference state should be. In case of the bending energy, it is important to con-
sider whether a membrane has spontaneous curvature, especially because the RBC-
membrane is known to have very different compositions in the inner and outer
leaflets. Most existing RBC models (Noguchi and Gompper 2005; Fedosov et al
2010) assume the spontaneous curvature to be zero. A large enough spontaneous
curvature can lead to a variety of different shapes (e.g., stomatocyte, echinocyte)
and change the importance of bending and shear-elastic contributions (Lim et al
2002). However, questions whether a human RBC membrane possesses a non-zero
spontaneous curvature and whether this curvature would be isotropically distributed
on the RBC surface still remain unanswered.

The reference state for the shear-elastic energy is generally referred to as stress-
free shape of a RBC (Peng et al 2014). It appears plausible to assume the biconcave
shape of RBCs as the stress-free shape, because transmembrane proteins, which
connect the spectrin network and the lipid bilayer, are able to diffuse within the
bilayer, leading to a potential relaxation of existing elastic stresses. However, recent
simulations (Peng et al 2014) show that the assumption of biconcave stress-free
shape leads to an incorrect prediction of the transition from tumbling dynamics to
tank-treading dynamics of a RBC in shear flow. On the other hand, the assumption
of a spherical stress-free shape results in a stomatocytic shape of the membrane for
physiological values of RBC bending rigidity and shear elasticity (Li et al 2005).
An assumption of a spheroidal stress-free shape close to a sphere seems to be able
to resolve these issues (Peng et al 2014).

The mechanical properties of RBC membranes have been measured by a number
of single-cell experimental techniques, including micropipette aspiration (Waugh
and Evans 1979; Discher et al 1994), deformation by optical tweezers (Henon et al
1999; Suresh et al 2005), optical magnetic twisting cytometry (Puig-de-Morales-
Marinkovic et al 2007), and three-dimensional measurement of membrane ther-
mal fluctuations (Popescu et al 2007; Park et al 2008). Optical tweezers and mi-
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Fig. 3 Stretching response of a healthy RBC and iRBCs for different stages compared with the
optical tweezers experiments (Suresh et al 2005). DA and DT refer to the axial and transverse
diameters. Reused with permission from Fedosov et al (2011b).

cropipette aspiration methods apply a strong global deformation to the RBC mem-
brane, while optical magnetic twisting cytometry and measurements of membrane
thermal fluctuations correspond to local measurements. The two former techniques
allow a measurement of the macroscopic shear modulus of a RBC membrane. Fig-
ure 3 presents a comparison between the deformation of a healthy RBC by optical
tweezers (Suresh et al 2005) and the corresponding numerical simulations (Fedosov
et al 2010). The numerical simulations mimic experimental conditions and allow the
quantification of observed RBC deformation. A best fit (black line) between simu-
lations and experiments is achieved for the two-dimensional (2D) Young’s modulus
of Y = 18.9 µN/m and 2D shear modulus of µ = 4.73 µN/m. Note that this value of
the shear modulus is in 2D such that µ ≈Y/4, while Fedosov et al (2010) provide a
3D value with µ ≈ Y/3.

Optical magnetic twisting cytometry (Puig-de-Morales-Marinkovic et al 2007)
allows the measurement of local rheological properties (e.g., the complex modulus)
of a RBC membrane. Complex modulus consists of storage and loss moduli, which
are determined by elastic and viscous properties of the membrane, respectively.
Therefore, both bending rigidity and shear elasticity affect the storage modulus,
while the loss modulus is associated with the viscosity of a membrane, cytosol, and
suspending medium (Fedosov et al 2010). Simulations performed to quantify the
experimental data (Puig-de-Morales-Marinkovic et al 2007) have yielded a value of
κ = 3×10−19 J for the bending rigidity (about 70kBT ) and ηm = 2.2×10−8 Pa·s·m
for the membrane viscosity (Fedosov et al 2010). Measurements of membrane ther-
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mal fluctuations (Popescu et al 2007; Park et al 2008) are directly associated with
the membrane characteristics; however, their reliable interpretation for RBCs still
remains difficult. There exist large discrepancies between different studies, which
are likely to originate from the approximations used in analytical models derived
for planar and near-spherical membranes (Strey et al 1995; Betz and Sykes 2012).
Hence, a quantitative interpretation of fluctuation measurements requires reliable
and accurate simulation models of a RBC.

A number of experiments with RBCs provide sufficient evidence for a complex
membrane mechanical response including its unique viscoelastic properties. In ad-
dition, it has been recognized that RBCs possess a metabolic activity through the
consumption of adenosine triphosphate (ATP), which contributes to measured mem-
brane flickering. The studies with ATP depletion (Betz et al 2009; Park et al 2010)
have shown that membrane fluctuations decrease; however, during the ATP deple-
tion process there is no guarantee that RBCs are not subject to changes in mem-
brane elasticity. In contrast, another investigation (Evans et al 2008) has questioned
the effect of ATP on measured flickering. A recent experimental and simulation
study (Turlier et al 2016) has provided compelling evidence for cell activity by test-
ing directly the fluctuation-dissipation relation, which is valid for any system in
equilibrium. A violation of the fluctuation-dissipation relation has been shown and
a contribution of active processes to the observed membrane flickering has been
demonstrated (Turlier et al 2016).

3.2 Mechanics of RBC invasion by a parasite

The first important step in the blood cycle of malaria is the invasion of RBCs by
merozoites. Conceptually, this process can be divided into discrete steps, as shown
schematically in Fig. 4(a). Invasion commences with a low affinity, long-range (12
to 40 nm), and non-directional binding of a RBC by the merozoite, which then reori-
ents such that its apex directly contacts the RBC. Then, formation of a close-range
interaction (4 nm or less) leads to the establishment of a RBC-merozoite tight junc-
tion. This critical structure is the organizing nexus around which invasion events
are orchestrated. It acts as the aperture through which the merozoite passes dur-
ing invasion and segregates RBC membrane from an emerging vacuolar membrane
(likely derived in part from the parasite membrane), which fuses to form the para-
sitophorous vacuole surrounding the parasite after invasion (Cowman et al 2012).

The merozoite has a shape, very similar to a chicken egg, with a width-to-length
ratio of 0.7, but with a characteristic length of only 2 µm (Dasgupta et al 2014b). The
adhesion and wrapping of spherical (Deserno 2004; Bahrami et al 2016) and non-
spherical (Dasgupta et al 2013, 2014a) nano- and micro-particles by membranes
have been investigated quite intensively in recent years (Dasgupta et al 2017). These
theoretical and numerical approaches provide the basis for the modeling of mero-
zoite invasion. Particles are expected to adhere to a membrane with its least-curved
side, because this configuration provides the largest adhesion area with the lowest
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(a) (b)

Fig. 4 (a) The stages of merozoite invasion. Schematic representation depicting different wrap-
ping phases of the merozoite from reorientation and attachment through two partially wrapped
states (with different wrapping fractions) to post-invasion. (b) Actomyosin force supports mero-
zoite invasion. fT is the force acting tangentially along the membrane surface as it wraps along the
particle, whereas fz is the component of this tangential force along the z axis whose role is to inject
the particle into the membrane, while the component fr is balanced by an equal force at the other
side of the membrane. Reprinted with permission from Dasgupta et al (2014b).

cost in membrane deformation energy. Therefore, the reorientation of the mero-
zoite for apical invasion requires a non-uniform adhesion energy, with an adhesion
maximum at the apex. This could be facilitated by a transient gradient of adhesive
proteins from apex to base on the merozoite surface (Cowman et al 2012). Once
the tight junction has been formed, the wrapping of the merozoite is controlled by
four energetic contributions: (i) the adhesion strength, (ii) the membrane bending
rigidity and its spontaneous curvature, (iii) the lateral tension of the RBC mem-
brane, and (vi) the effective line tension of the tight junction. Different invasion
scenarios can be discussed on the basis of such a model (Dasgupta et al 2014b).
Obviously, if the adhesion strength is very large (or small) and the membrane ten-
sion is very low (or high), complete wrapping will always (or never) occur. Large
adhesion strengths allow immediate complete wrapping and RBC entry, but might
also be associated with unspecific binding to other membranes and problems asso-
ciated with membrane surface-coat shedding. Thus, the most interesting scenario is
where these various contributions nearly balance each other. Also, this scenario for
merozoite invasion is plausible, because merozoites can successfully enter RBCs,
but not with certainty. As an example, phase diagrams for parasite wrapping from
Dasgupta et al (2014b) show that for a fixed line tension, there is a non-wrapped
state for small reduced adhesion strength, two partial-wrapped states for intermedi-
ate adhesion, and a complete-wrapped state for large adhesive strength. The parasite
can navigate in the phase diagram to move from the non-wrapped to the complete-
wrapped state. For instance, it can move between the partial-wrapped states (shallow
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wrapped and deep wrapped) by reducing the membrane tension through secretion
of unstructured lipids. There is indeed experimental evidence for such a process, the
discharge of lipids from the rhoptry organelles (Hanssen et al 2013; Bannister et al
1986). Similarly, a change of the spontaneous curvature to a value more favorable
for wrapping (e.g., by detachment of the spectrin cytoskeleton from the bilayer or its
reorganization (Kabaso et al 2010)) can induce a transition from the deep-wrapped
to complete-wrapped state.

It is important to note that the transitions from shallow- to deep-wrapped states
and from deep- to complete-wrapped states are associated with large energy bar-
riers. Even though the complete-wrapped state is energetically favorable, it might
be difficult to reach it from the deep-wrapped state. Thus, it is conjectured that the
barrier crossing is facilitated by active processes. Indeed, there is a long-standing
experimental evidence that activity of the parasite actomyosin motor governs suc-
cessful host-cell entry (Angrisano et al 2006). The current model for the source of
parasite active motor force (see Fig. 4(b)) posits that an anchored myosin motor in-
side the parasite (tethered to the RBC cytoskeleton) transmits force directly through
a short polymerized actin filament, which is linked to the surface-bound adhesins
(Baum et al 2006). The height of energy barrier obtained from the wrapping model
described above now allows an estimate of the magnitude of the required motor
activity, which indicates that a few 10-s to a few 100-s of motor proteins should
suffice. Thus, even when membrane-wrapped states are stable, the essential role
of the motor lies in overcoming energy barriers between the partial-wrapped and
complete-wrapped states.

3.3 RBC remodeling during infection

The shapes of iRBCs can be measured, for example, by fluorescence confocal mi-
croscopy, and from these data surface area and volume can be deduced. An early
study with restricted time resolution has reported relatively constant values (Espos-
ito et al 2010), in contrast to a colloid-osmotic model, which predicts the total vol-
ume of iRBCs to increase dramatically in the later stages (Lew et al 2003; Mauritz
et al 2009). To resolve this issue, Waldecker et al (2017) have reconstructed iRBC
shapes over the whole intracellular cycle with a time interval of 4 hours. Figure 5(a)
shows typical shapes of iRBCs at different times, including the shape of the para-
site inside. At the ring stage, the parasite is located at the rim of iRBC, causing a
little bump along the edge of the cell. Starting from the trophozoite stage, parasite
begins to multiply and the overall parasitic volume increases. At the end of the life
cycle, iRBC reaches a nearly spherical shape with around 20 parasites inside the
cell. The corresponding changes in the iRBC and parasite volume are quantified in
Fig. 5(b). The experimental measurements agree well with the predictions of the
colloid-osmotic model, which are shown by solid lines (Mauritz et al 2009; Lew
et al 2003). While the volume increases by 60%, the surface area remains nearly
constant throughout the life cycle.
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(a) (b)

Fig. 5 (a) Reconstructed shapes from confocal images of iRBCs at different times of the parasite
development. The bottom row shows the shapes a growing parasite inside the iRBC at various
times. Scale bar is 5 µm. (b) Relative cell volume and parasite volume as a function of post infection
time. The solid lines are predictions by the osmotic colloid model. Reused with permission from
Waldecker et al (2017).

Starting around the midpoint of development, iRBCs induce adhesive protrusions
at the membrane, which significantly modify the structure of the iRBC cytoskeleton.
Shi et al (2013) performed AFM-imaging of inverted iRBCs to study the changes
in the spectrin network during infection, as shown in Fig. 6(a). The average length
of spectrin filaments is found to be 43± 5 nm for healthy RBCs, whereas for the
ring stage, the spectrin-filament length becomes about 48± 7 nm. For the middle
trophozoite stage, the length is 64± 9 nm, and for the schizont stage, it is about
75± 11 nm, which is roughly twice the spectrin length of healthy RBCs. In ad-
dition, spectrin filaments are found to accumulate at the knob areas, but they be-
come sparser in non-knobby areas. Zhang et al (2015) have studied the effect of
knobs and enhanced coupling between plasma membrane and spectrin network us-
ing coarse-grained simulations based on these observations. Knobs were modeled
as stiff regions of plasma membrane and coupling between the plasma membrane
and spectrin network was increased at the knobby areas. Simulation of the strain re-
sponse of this composite membrane to shear stress results in the estimation of shear
modulus for un-infected and infected RBCs. Figure 6(b) shows shear stress-strain
response curves for un-infected, trophozoite, and schizont stages with the 2D shear
moduli (at large shear strains) µ ' 18 µN/m, µ ' 48 µN/m, and µ ' 78 µN/m, re-
spectively, which are close to values reported in experiments (Suresh et al 2005).
In general, the simulations show strong strain-hardening effects, presumably due to
the polymer-nature of the spectrin.
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Ring stage Schizont stage

(a) (b)

Fig. 6 (a) AFM images of spectrin cytoskeleton and image-processed representations for ring and
schizont stages. Scale bar is 500 nm. The red arrow in schizont AFM image is indicating a hole
region, while the white arrow points to a knob. The figure is reused with permission from Shi et al
(2013). (b) Shear stress-strain response curves for uninfected and infected RBCs from mesoscopic
model of RBC membrane. Reused with permission from Zhang et al (2015).

3.4 RBC mechanics during infection

Progressing stiffening of iRBCs has been measured by optical tweezers (Suresh et al
2005) and by diffraction phase microscopy through monitoring thermal fluctuations
(Park et al 2008). Figure 3 shows a comparison of RBC stretching between sim-
ulation results for healthy and infected RBCs at different stages and experimental
results (Suresh et al 2005). Fitting of RBC stretching in simulations to the exper-
imental data leads to 2D shear moduli µ = 14.5 µN/m for the ring stage, µ = 29
µN/m for the trophozoite, and µ = 40 µN/m for the schizont (Fedosov et al 2011b).
Note that the geometry of an iRBC at the schizont stage is taken to be of ellipsoidal
shape with the axes ax = ay = 1.2az, which is not very far from a sphere. Taking a
biconcave shape for the schizont stage in simulations results into a prediction with
a larger shear modulus than that for the near-spherical shape. In the case of the
deflated biconcave shape, the form of an iRBC is altered first in response to stretch-
ing and followed by membrane deformation, while for the near-spherical shape, the
fluid restricts shape deformation and membrane stretching has to occur right away.
In conclusion, the cell geometry plays an important role in the quantification of
experimental data.

3.5 Adhesion of infected cells

Adhesion of iRBCs lies at the heart of parasite survival, as it prevents elimination
of iRBCs in the spleen. Adhesive receptors on iRBC surface (PfEMP-1 encoded by
the family of var-genes) are localized to the knobs and can bind multiple ligands
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(a) (b)

Fig. 7 (a) Snapshots of modeled flipping iRBCs with a small membrane Young’s modulus (top), a
large Young’s modulus (middle), and when it contains a rigid body, imitating the presence of par-
asite (bottom). Reused with permission from Fedosov et al (2011a). (b) Representative trajectory
of a rolling trophozoite cell on endothelial layer, showing cell velocity and fluorescence intensity
of the parasite inside the iRBC. Reused with permission from Dasanna et al (2017).

(mainly ICAM-1 and CD36) on vascular endothelial cells. The precise roles of dif-
ferent ligands in iRBC adhesion are quite complex, as the knob receptors bind to
the various ligands with distinct adhesion strength (Yipp et al 2000). For instance,
experiments with flow assays hint at an increase of ICAM-1 adherence of iRBCs
with shear stress (i.e., displaying characteristics of a catch bond), while CD36 does
not show this behavior (Nash et al 1992). Enhancement of adhesion under flow is
not uncommon for cells in shear flow, including WBCs and bacteria, and has been
demonstrated for iRBCs adhering to supported bilayers (Rieger et al 2015). Experi-
ments using single-bond force spectroscopy (Lim et al 2017) have shown that iRBCs
form slip bonds with CD36 and catch bonds with ICAM-1, as suggested before by
flow chamber experiments. The characteristic rupture force for both slip and catch
bonds is close to 10 pN, which is also comparable with the force for WBC bonds in
the range of 10−50 pN (Marshall et al 2003; Hanley et al 2004). On the modeling
side, the slip bond can be simulated by Bell’s model (Bell 1978), while catch bond
is described well by Dembo’s model (Dembo et al 1988).

The standard model for the adhesion of single cells under flow has been es-
tablished with adhesive dynamics for round cells. Originally developed for WBCs
(Hammer and Apte 1992; Korn and Schwarz 2007), this approach has recently been
applied to iRBCs in the schizont stage (Helms et al 2016; Dasanna et al 2017). A
phase diagram with different dynamic states (free motion, transient adhesion, rolling
adhesion, and firm adhesion) has been simulated for the slip-bond model as a func-
tion of molecular on- and off-rates (Korn and Schwarz 2008; Helms et al 2016),
which can serve as a reference case to interpret experimental data. In the rolling
adhesion regime, rolling velocity as a function of shear rate can be used to estimate
molecular data. Hence, it has been estimated that ICAM-1 receptor distance should
be between 100 and 400 nm to yield the observed rolling velocity around 100 µm/s
at a shear rate of about 100 Hz (Dasanna et al 2017).
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An interesting aspect of iRBC adhesive motion is the nature of single trajecto-
ries, which often displays an oscillatory pattern in velocity and has been studied
both numerically and in experiments (Fedosov et al 2011a; Dasanna et al 2017).
Unlike WBCs, iRBCs have a non-spherical shape for the majority of parasite’s life
cycle, except the schizont stage. Mesoscopic modeling of iRBCs (Fedosov et al
2011a) has demonstrated that cells at the trophozoite stage flip rather than roll on a
substrate because of their discoid shape. For a Young’s modulus similar to that of
healthy RBCs, crawling motion is observed, while a large enough Young’s modulus
(more than three times of that for healthy RBCs) leads to a rather regular flipping
motion. The flipping may become less regular with the presence of parasite inside
the cytosol (Fedosov et al 2011a). Figure 7(a) shows snapshots of RBC motion for
the three cases: (top) a crawling cell with a Young’s modulus of Y = 18.9 µN/m,
(middle) a flipping iRBC with a Young’s modulus of Y = 168 µN/m, and (bottom)
a flipping cell with a parasite body inside. Dasanna et al (2017) have studied rolling
adhesion of iRBCs at the trophozoite and schizont stages on endothelial cells in
flow-chamber experiments. The effect of the parasite on the iRBC rolling dynamics
has been investigated, and therefore both the iRBC and fluorescently labeled parasite
were tracked. Figure 7(b) presents translational velocity and fluorescence amplitude
of the parasite inside the iRBC for a rolling trophozoite. The elliptic markings of
the peaks in velocity and fluorescence amplitude indicate the anti-correlation be-
tween them, which is significant for flipping. Thus, when the iRBC starts a flip,
the parasite moves away from the substrate (fluorescence amplitude thereby de-
creases), and when it comes down, the fluorescent amplitude increases. It has been
also shown that this anti-correlation disappears and the fluorescent amplitude does
not oscillate for iRBCs at the schizont stage, as they are round and rigid, so that the
flipping transforms to rolling. Rolling velocities of schizont-stage iRBCs are found
to be smaller than those of trophozoites, presumably because of the larger number
of knobs (Dasanna et al 2017).

3.6 Blood rheology in malaria

Bulk viscosity of blood is a macroscopic characteristic that depends on single-cell
properties and their collective interactions (Fedosov et al 2011d; Lanotte et al 2016).
The bulk viscosity of blood in malaria increases with the parasitemia level (or frac-
tion of iRBCs) because of the increased stiffness of iRBCs (Raventos-Suarez et al
1985) in comparison to healthy RBCs. A significant viscosity increase leads to an in-
creased blood-flow resistance and a reduced blood perfusion. Numerical simulations
(Fedosov et al 2011b) predict an increase of blood flow resistance in microvessels
in malaria up to 50% for high parasitemia levels.

Bulk viscosity of infected blood in malaria for different parasitemia levels, hema-
tocrit 30%, and shear rate 230 s−1 has been measured experimentally (Raventos-
Suarez et al 1985) and estimated in simulations (Fedosov et al 2011c), as shown
in Fig. 8. In the simulations, infected blood is modeled as a suspension of healthy
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Fig. 8 Viscosity of the malaria-infected blood at hematocrit 30% for different parasitemias in
comparison to experimental data (Raventos-Suarez et al 1985). The diamond symbol corresponds
to a simulation with aggregation interactions among RBCs. Reused with permission from Fedosov
et al (2011c).

and infected RBCs at the schizont stage with µ = 40 µN/m. The simulated viscosity
as a function of the parasitemia is in excellent agreement with the corresponding
experimental data, which show a roughly linear dependence of the infected blood
viscosity on parasitemia level.

iRBCs adhere not only to the endothelium, but also to other healthy and infected
RBCs. Simulations with attractive interactions between infected and healthy RBCs
for the parasitemia of 25% show that the blood viscosity does not increase signifi-
cantly (see Fig. 8). This is likely due to the fact that the simulated shear rate is high
enough to disperse RBCs within the suspension and to diminish aggregation effects
on the bulk viscosity. Thus, a much stronger effect of the aggregation interactions
should be expected at low shear rates. Furthermore, iRBCs at later stages form spe-
cific bonds with other cells, which should generally be stronger than the attractive
interactions modeled by Fedosov et al (2011c).

3.7 Blood flow in malaria

It is intuitive that blood-flow resistance in malaria should increase due an elevated
stiffness of iRBCs and their cytoadherence. A simple model for the estimation of
blood flow resistance is Poiseuille flow of blood in tubes, which mimics blood flow
in microvessels. Blood flow in malaria has been simulated as a suspension of healthy
and infected RBCs at the trophozoite stage (µ = 29 µN/m) and hematocrit 45%. Fig-
ure 9 shows the relative apparent viscosity in malaria for several parasitemia levels
from 25% to 100% and microvessels with diameters 10 and 20 µm. The relative
apparent viscosity is computed as ηrel = ηapp/ηs, where ηs is the plasma viscosity
and ηapp = π∆PD4/(128QL) is the apparent viscosity. Here, ∆P is the pressure
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Fig. 9 Flow resistance in malaria. Healthy (red) and infected RBCs (blue) in tube flow with a
diameter D = 20 µm, hematocrit 45%, and parasitemia 25%. The relative apparent viscosity of
blood in malaria is plotted for various parasitemia levels and tube diameters. Triangle symbol
corresponds to the schizont stage with a near-spherical shape. Experimental data from the empirical
fit are from Pries et al (1992).

difference, Q is the flow rate, and L is the length of the tube. The relative apparent
viscosity is a measure of flow resistance, as it compares apparent viscosity of blood
with the viscosity of blood plasma.

The inset of Fig. 9 shows a snapshot of RBCs flowing in a tube of diameter 20 µm
at a parasitemia level of 25%. The effect of parasitemia level on the flow resistance
in Fig. 9 appears to be more prominent for small diameters and high hematocrit
values. Thus, at Ht = 45% blood flow resistance in malaria may increase up to 50%
in vessels of diameters around 10 µm and up to about 40% for vessel diameters
around 20 µm. Note that these increases do not include any contributions from the
adhesive interactions between iRBCs and other cells. Therefore, the inclusion of
cytoadhesion would result in a further increase in blood flow resistance in malaria.

3.8 Malaria and microfluidics

Microfluidic devices offer unique opportunities for the detection and manipulation
of different suspended particles and cells. One of the first observations of iRBCs in
microfluidics is a study of the passage of iRBCs through small constrictions driven
by fluid flow (Shelby et al 2003). The experiments have been performed for differ-
ent channel sizes and stages of parasite development and have shown that the late
stages, such as trophozoite and schizont, may result in blockage of microvessels
with diameters smaller than about 6 µm. Corresponding simulation studies (Imai
et al 2010; Wu and Feng 2013) have also come to a similar conclusion, suggesting
that the smallest vessel in the microvasculature can be blocked by single iRBCs in
the trophozoite and schizont stages.
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(a) (b)

Fig. 10 Stroboscopic images of RBC deformation in a DLD device, taken from simulations and
experiments. The viscosity contrast C between the cell’s cytosol and suspending medium, which
is (a) C = 5 and (b) C = 1, affects RBC dynamics and determines its traversal through the device.
Reused with permission from Henry et al (2016).

The filtration concept has been also employed in another microfluidic device
with many obstacles (Bow et al 2011), where both healthy and infected RBCs are
able to pass constriction geometries (no blockage is observed). However, iRBCs ex-
hibit lower average velocities in comparison to healthy RBCs. This speed difference
between healthy and infected RBCs is attributed to an increased membrane stiff-
ness and viscosity of the iRBCs in comparison to healthy cells. Deformability-based
sorting has been also proposed in the context of deterministic lateral displacement
(DLD) microfluidic devices (Henry et al 2016; Krüger et al 2014). DLDs utilize mi-
cropost arrays, which have been originally designed to continuously sort spherical
colloidal particles according to their size (Davis et al 2006; Holm et al 2011). How-
ever, DLDs do not directly follow the filtration concept, because the gaps between
the posts are generally larger than suspended cells, as shown in Fig. 10. Sorting in
DLDs is achieved by invoking differences in cell deformation and dynamics, which
determine the trajectories of the cells within DLD devices (Henry et al 2016; Krüger
et al 2014). For example, in Fig. 10, the differences in RBC trajectories within the
DLD device are governed by different viscosity contrasts between the RBC cytosol
and suspending medium. Hence, a proper tuning of DLD device geometry and flow
conditions can turn them into accurate and precise deformability-based sensors use-
ful in the context of malaria.

4 Discussion and outlook

The development of quantitative models for malaria infections is very important,
because they allow the explanation of experimental results, the testing of various
hypotheses, and the proposition of new biophysical mechanisms in disease develop-
ment and progression. Due to the long evolutionary history of malaria and its com-
plicated life cycle, this is not an easy task and it requires close cooperation between
theoreticians and experimentalists. In particular, future studies have to further incor-
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porate molecular information, for example the molecular details of how the spectrin
network is remodeled by the parasite, and the exact nature of the adhesion receptors
localized to the knobs and their ligand counterparts in the vascular endothelium.

From the conceptual point of view, the most important aspect of malaria mod-
eling is the multiscale nature of blood flow, which involves a wide range of spatio-
temporal scales starting from single molecules for parasite-RBC interactions and
the adhesion of iRBCs, to the deformation and dynamics of single cells, and finally,
to multicellular flow in large microvascular networks. Current models have proven
to be sophisticated enough to be used successfully for the quantification of exper-
iments with a few blood cells. Computational models of blood flow rapidly move
to multicellular problems and already attempt to go beyond experimental predic-
tions by generating and testing new physical and biological hypotheses. Thus, such
simulations can be used to guide and optimize experimental settings for biophysical
investigations and disease diagnosis (e.g., microfluidic devices).

Modeling of the malaria disease is very challenging and many open questions re-
main, even in the context of the advances achieved over recent years, ranging from
molecular mechanisms to cell deformation and adhesion under realistic blood-flow
conditions in the microcirculation. For instance, it is not fully understood how par-
asite can efficiently reorient itself after the initial random adhesion and then invade
RBCs. Furthermore, exact changes and modifications of RBC membrane stiffness
and cytoadherence by the parasite during its development need to be determined.
In addition, it is unclear how the developing parasite, which can be thought of as a
rigid-like body inside a RBC, affects the cell behavior in flow. Another important di-
rection for future research concerns the characterization of the adhesive interactions
between iRBCs and healthy RBCs, other blood cells (e.g., WBCs), and the endothe-
lium, as this input is needed for realistic malaria modeling. Answers to these open
questions for a single cell will allow the progression toward realistic modeling of
blood flow in malaria, where a mixture of healthy and infected RBCs at different
stages and complex flow geometries have to be generally considered.

Even though the impact of numerical modeling on malaria diagnosis and treat-
ment is still rather limited, the development of new quantitative models and their
application in practice acquires more and more momentum. Computational mod-
els have a great potential to provide guidance on how to improve disease detection
and treatment and to optimize existing therapeutic tools, for instance by introducing
novel microfluidic approaches. Another substantial advancement needed for com-
putational models is the development of predictive simulation approaches, which
enable the modeling of long-time disease progression. This development requires
the improvement of current models to much longer time scales including the ability
of modeling various dynamic processes (e.g., parasite invasion, intra-RBC parasite
development, dynamic adhesion changes).
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