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Abstract—Stem cell migration is crucial in many biological
processes such as embryogenesis, histogenesis, and stem cell
biology. It is also an important process in physiology, and in
medicine, it can contribute to develop effective stem cell
therapies. While there is a large body of experimental
evidence that attempts to understand the biological and
physiological mechanisms governing stem cell activity in the
organism, computational modeling studies are scarce.
Because stem cell migration is affected by biological diversity
and the complexity of the cells’ microenvironment, experi-
ments are hard to conduct and corresponding measurements
are sophisticated. Computational modeling is a good com-
plementary method to help us understand this process. Here,
a mini-review is presented discussing the existing efforts and
the unsolved key issues in stem cell migration. In addition,
existing computational models studying the migration of
differentiated cells are briefly discussed in the context of how
they can be applied to increase our understanding of the
dynamics involved in stem cell migration: Particular empha-
sis is placed on how biomechanical aspects of migration are
explored in these models.
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Dynamics.

INTRODUCTION

In past decades, it has been suggested that cell
migration is one of the most important biological
processes; it is crucial to immune responses, tumor
metastasis, wound healing, and histogenesis. This is

supported by a body of evidence from experimental
measurements, as well as computational models. The
study of biological systems through computational
modeling yields some of the following advantages: (1)
models allow for easy quantification of elements that
are technically difficult to measure experimentally, (2)
they allow us to carry out experiments that are finan-
cially prohibitive, and (3) they can be used to design
future experiments and predict their outcome. Specifi-
cally, computational modeling is widely applied in the
study of mechanosensing and mechanotransduction in
cell migration; it has been used to characterize the
resulting phenomena such as cell mechanotaxis,52

durotaxis,39 and tensotaxis.4,6 Similarly, it has been
used to understand phenomena resulting from chemi-
cally induced migration, such as haptotaxis59 and
chemotaxis.17 In this review, we focus on computa-
tional modeling of stem cell migration. Efforts mod-
eling of other cell types are shortly outlined and their
potential application in the study of stem cells dis-
cussed.

IMPORTANCE OF STEM CELL MIGRATION

IN PHYSIOLOGY AND MEDICINE

Different stem cell populations have been charac-
terized in different biological processes, and their
migration is critical during histogenesis, organogenesis,
embryonic body formation, tissue homeostasis, and
regeneration of organ function. During embryonic
development, embryonic stem cells (ESCs) present
coordinated migration and programmed differentia-
tion. In early development, the formation of functional
organs depends largely on the migration of ESCs from
the site of their specification to the target region related
to the development of the organ. Hematopoietic
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ontogeny is characterized by a spatiotemporal migra-
tion and distribution of hematopoietic stem cells
(HSCs), the best characterized adult type of migrating
stem cells, during embryogenesis. After embryonic
development, during adult life, stem cells mostly mi-
grate in response to tissue regeneration. It is believed
that tissue regeneration, via stem cell migration and
differentiation to a site of tissue injury, is not limited to
the hematopoietic system. Thus, stem cell migration
contributes greatly to understand the basic principles
in the fields of development and regeneration.

In addition to their role in physiology, stem cells have
been suggested to be the source of a small population of
cancer cells, referred to as cancer stem cells (CSCs).
Metastatic/migrating CSCs are assumed to play a criti-
cal role in the dissemination of the disease. In this way
the study of stem cells contributes to the understanding
of cancer. For this and other reasons stem cell migration
is also relevant to clinical medicine. One example is the
application of mesenchymal stem cells (MSCs) in
regenerative medicine.18 Recent studies have demon-
strated that MSCs have the ability to aggregate at the
site of tissue or organ damage and differentiate into
multiple cell types of the mesenchymal lineage,31,48,56,57

suggesting great potential in their application to gene
therapy and the treatment of heart, brain, and necrotic
limb disease.1,10,33 It is the migratory potential of stem
cells that allows for their use in therapeutics: Implanted
MSCs are able to migrate to the injury site, suggesting
that an innate response to the injuredmicroenvironment
may produce attractive signals such as cytokines and
chemokines to recruit those MSCs.26,42 The underlying
mechanisms that mediate these responses, however, are
still unclear in part due to the methodological limita-
tions. Similarly, in the case of HSCs, transplantation is
used in treatment of haematological tumors and dis-
eases. The success of this therapeutic procedure is
dependent partly on the display of rapid migratory
behavior to enter and exit their niche in the bone mar-
row. Though promising, we are still far away from
addressing the resulting issues in HSC migration and
differentiation.36,48 Understanding stem cell migration
will help us optimize target migration, predict the effect
of various treatments on specific blood diseases, shorten
the period in which the patient’s effective immune sys-
tem is suppressed, and ultimately develop better thera-
peutics.36,48

NEED FOR COMPUTATIONAL MODELING

OF STEM CELL MIGRATION

The aforementioned physiological and clinical
importance of stem cell migration justifies the need for
a quantitative understanding of (adult) stem cell

migration; however, gaining this understanding is still
difficult. This is due to the low frequency of these cells
in vivo,54 the difficulties in identifying and prospec-
tively purifying tissue-specific stem cells near homo-
geneity,45 and, most importantly, the lack of adequate
technologies and protocols to study stem cell migration
in vivo. Current discoveries in the study of stem cell
migration are based mostly on experimental measure-
ments and clinical observations. These experiments
attempt to elucidate from statistical results the pro-
cesses involved in migration, including cell signaling
and protein interactions, as well as the effect of expo-
sure to drugs.17,47 The evidence collected, however, is
insufficient to quantify the stem cell migration
dynamics even at single cell level due to the complexity
of the issues and the diversity of biological mechanisms
present in stem cells. Figure 1 shows the abundance of
factors accounting for the complexity of the process of
stem cell migration; it summarizes schematically the
different chemical factors involved in determining cel-
lular behavior and zooms in on the geometrical and
mechanical properties that affect migration for ECM-
cell interactions (Fig. 1).41

To understand the complicated mechanisms of stem
cell migration, computational modeling (CM) has
become in recent years an important approach to
complement existing experimental methods. Building
on existing experimental techniques, CM can incor-
porate experimental findings and generate predictions

FIGURE 1. Schematic of stem cell migration in a compli-
cated niche. The image shows the different chemical factors
(top) and physical properties of ECM-cell interactions (bot-
tom) involved in determining stem cell behavior. Modified
from.37
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that can be translated into hypotheses to theoretically
quantify the migration dynamics of stem cells. In
addition, CM can make these predictions in a
methodical and an efficient manner. It can address
questions involving embryonic, hematopoietic, mes-
enchymal, and cancer stem cells during development
and adulthood with a clear emphasis on in vivo con-
ditions.5,27,44,46 These computational works pursue
reasonable models to mimic the distinct migration
dynamics in local microenvironment in single cells or
small tissue samples.5,27,44,46 In some of these, numer-
ical simulations can provide us with access to those
unknown aspects of cell behaviors and tissue functions:
Models that account for key biological regulators can
formulate predictions that are hard to make from
collected results from specific experiments or statistical
data. Moving forward these novel approaches should
incorporate interdisciplinary dialogs that coordinate
biological tests, mathematical modeling, and compu-
tational simulations to validate experimental data and
non-intuitive scenarios for stem cell migration.

Even though CM studies on MSC migration remain
scant, one existing model displays the potential for CM
in studying MSCs: Modeling has led to an increased
understanding of both the engraftment process of stem
cells into injury site and the mobilization of stem cells
into the peripheral circulation, as compared to
numerous experimental studies on MSCs migration to
the site of tissue damage.35,38 This might shed light on
understanding the migration dynamics and clinical is-
sues involved in MSCs transplantation.18 In a thera-
peutic context, the most critical part of MSC
transplantation is to devise a mechanism to enhance
the number of transplanted cells that migrate to the
site of tissue damage.

MAJOR ACHIEVEMENTS

IN COMPUTATIONAL MODELS

OF STEM CELL MIGRATION

Stem cells, as a specialized and pluripotent type of
cells that differ from differentiated cells in nature, have
also attracted the attention of biophysicists and

biomechanicians.CMof theirmigration is of great value
to predict their function and to interpret experimental
data. To date, only a few mechanical or computational
models appear in this regard, as summarized in Table 1,
largely due to lack of comprehensive molecular
understanding and only recent investigations in the
mechanobiology of stem cell differentiation.

CM of stem cell migration helps to elucidate the
spatiotemporal organization of cells during tissue for-
mation. An individual mechanistic cell-based model
was proposed to quantitatively describe the spatio-
temporal organization of MSCs cultured in a plain or
grooved substrate.27 Starting from the assumption that
the cell dynamics are determined by attractive and
repulsive interaction forces between cells and between
cells and the substrate, the model employs pseudopo-
dia-generated forces for cell movement and adjusts cell
behavior in response to cell density. This model makes
a substantial improvement with respect to previous
models by explicitly representing cellular podia and
their dynamics. Existing podia generate protrusion and
traction forces for MSC cell spreading and movement.
They are randomly elongated, inactivated, and retract
as a result of the effect of their inherent contraction
force until the disappearance of those sufficiently re-
tracted podia. The adaptation of podium generation
and the probability of inactivation dynamically control
the number of podia which in turn determines the
migration phenotype of MSCs. The maximum speed of
podium migration is governed by the ratio of protru-
sion force and substrate friction. As a simple, sufficient
model, the predicted podium traction dynamics are in
agreement with experimental observations for thou-
sands of MSCs on stiff substrate. Another model, also
looks at agent-based dynamics but considers the
dynamics of multiple cells during tissue organization,
specifically the organization of murine intestinal
crypts.5 Similar to the model discussed previously, this
model looks at the effect of regulatory mechanisms in a
single cell in migration; however, instead of looking at
the protrusion and traction forces experienced by the
cells, this model uses interaction energy to quantify
cell–cell and cell-basal membrane interactions. The
model focuses on a biochemical factor in particular,

TABLE 1. Summary of models of stem cell processes.

Stem cell type Model Scale Biological processes References

MSC Mechanistic Cell Division Harrison et al.25

SC in crypts Dynamic Tissue Proliferation, differentiation Gerisch and Chaplain22

MSC Mechanistic Tissue Tissue differentiation Jiao and Torquato29

MSC Mechanistic, biological Tissue Angiogenesis, osteogenesis Khayyeri et al.30

MSC Biological Tissue Proliferation, differentiation, osteogenesis Kolega32

Tumor SC Dynamic Cell Tumor growth Kotobuki et al.33

Plant SC Biological Cell Segmentation, self-renewal, differentiation Lauffenburger and Horwitz34
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Wnt-activity. This factor is typically linked to a bio-
mechanical response of tissue; it is linked to the local
curvature of the basal membrane as a function of the
crypt axis. By integrating different scales of biological
architecture (molecular, cellular, and tissue levels), this
model is able to account for spatially confined cell
proliferation, directed cell migration, multiple cell
lineage decision, and clonal competition. The authors
arrive at the conclusion that the tissue should be able
to fully recover after complete elimination of cellular
subpopulations including subpopulations deemed to
be functional stem cells. This model is a clear example
that a quantitative and dynamic28 understanding of the
spatial and temporal organization of gene expression
and cell behavioral patterns within multilayered and
actively growing developmental fields is crucial to
model the process of development.

Other models demonstrate further that both
mechanical and biological factors play an important
role in stem cell migration. A mechanoregulation the-
ory for MSC differentiation and migration was
implemented to predict tissue differentiation inside
mechanically controlled bone chambers inserted into
rat tibae.30 MSC migration was executed using a ran-
dom walk theory; simulations are performed using a
stochastic lattice model and a finite element analysis.
Direct comparison with experimental data was
achieved by simulating an in vivo bone chamber
experiment. Regardless of the ability to make direct
comparisons between simulated and experimental re-
sults, questions on stem cell dynamics remain to be
addressed through CM. In this system particularly,
questions remain about the link between tissue differ-
entiation and genetic variability in animal populations.
Another example of a model integrating both
mechanical and biological factors looks at the differ-
ence in healing between normal and impaired frac-
tures.21 In it, MSC migration, proliferation,
differentiation, and growth factor and matrix synthesis
were formulated to be dependent on local matrix
density and/or growth factor concentration. A highly
coupled system of nonlinear partial differential equa-
tions (PDEs) is used to mathematically describe the
sytem: This system is used to predict the time-depen-
dent chemotaxis or haptotaxis in angiogenesis and
osteogenesis. The simulated results confirmed the
hypotheses of several experimental studies indicating
that suggested an interconnection between angiogene-
sis and osteogenesis.

When applying CM to the study of stem cells,
models should address the major differences in
migration dynamics between stem cells and other cells.
In general, this difference lies in the unique capacity
stem cells have to differentiate. Two different models,
an agent-based hybrid model as well as a caricature

continuous model, have been used elucidate the pro-
gressive development of post-cranial structures from a
pool of caudal undifferentiated cells during embryonic
axis elongation. The FGF-8-induced chemotaxis that
characterizes caudal undifferentiated cells was pre-
dicted using an equation for chemotactic energy (hy-
brid model) or a diffusive gradient.25 This model has
the potential to be extended to understand other
developmental processes displaying a similar mode of
axis extension coupled to cell differentiation. Another
example of a model taking into account differentiation
quantifies diverse aspects involved in the progression
of bone healing for moderate fracture gap sizes and
fracture stability.3 This two-dimensional mathematical
model takes into account the impact of concentration
or gradient of chemokines and cytokines on multipo-
tential stem cells that differentiate into specialized cells;
this model applies haptotactic and haptokinetic cell
migration speed to estimate spatiotemporally the rate
change of cellular densities for mesenchymal cell
migration, mesenchymal cell and chondrocyte/osteo-
blast proliferation and differentiation, and ECM syn-
thesis and degradation during bone tissue
regeneration.

In the study of cancer, models have addressed the
differences between mortal tumor cells and tumor stem
cells. A particular example focuses on the cytokine
gradient-directed migration of a tumor consisting of
both types of cancer cells.16 An agent-based model
mimics tumor migration in two ways: one is directed
migration towards an attractor source and the other is
random motility without any attractor sources. In the
former case, when an exponentially-decayed cytokine
gradient is generated with respect to the distance from
the attractor source, the tumor cell migration can be
divided into two cases: In the first case, tumor cells
display directed migration along the gradient until the
cells slow down when they reach the source. In the
second case, tumor stem cells are initially at the source,
and the continuous inbound migration of cells on the
periphery happens when they proliferate sufficiently.
In the latter case, an interesting find was that as cell
crowding inhibits cancer cell proliferation, stem cells
are liberated by random cell motility and death among
their non-stem progeny, allowing the continual seeding
of clones in the tumor periphery that contribute to the
efficient expansion of the tumor.

Finally, it is important to note that these achieve-
ments in stem cell CM have required a whole array of
computational tools in data integration, image ana-
lysis, statistical modeling, pattern recognition, machine
learning, and dynamical system identification. Two
examples of these greater efforts a diverse methodology
are listed next: One example is seen in the study of the
pattern formation of Arabidopsis shoot apical meristem
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stem cell niche. In this effort, Softassign Procrustes
algorithm was employed to solve a point matching
problem and to improve the level-set-based tracking
method in 3D imaging of cell division and migrating
trajectories.7 The other example consists of a compre-
hensive integration performed in a two-tiered visual
manner to predict the maturation of HSCs into T cells
in the thymus.13 This required diverse data sets span-
ning data from cell migration, cell differentiation,
histology, electron microscopy, molecular biology, and
biochemistry.

COMPUTATIONAL MODELS PERTAINING

TO DIFFERENTIATED CELL MIGRATION

In contrast to the insufficient modeling for stem cell
migration, a vast body of models has been proposed
for the migration of differentiated cells. Cell migration
is crucial to the understanding of the normal func-
tioning of an organism as well as pathological condi-
tions, and evidence for both single and collective
migration has been collected in vivo and in vitro for
decades.32 And while both the biophysical and
molecular mechanisms for single cell migration are
relatively well understood,34 collective migration has
been difficult to characterize because it is inherently a
multiscale phenomenon and occurs at a slower time
scale than single cell migration. In these aspects, some
challenges involved in the modeling of stem cell
migration are shared by modeling of collective migra-
tion. Additionally, collective migration plays a role in
physiological processes that involve stem cells as are
tissue repair, morphogenesis, and cancer invasion.20 In
effect, many of these models were developed to study
cancer.22,29,43 Next we review some of the main con-
siderations that have been taken into account in
modeling cell migration and briefly discuss how they
may be beneficial to improve the modeling of stem cell
migration.

The different approaches to modeling cell migration
either create a biomechanistic representation of the cell
to generate an effective system behavior (i.e. migratory
speed and direction), or in contrast, replicate the
behavior of the whole cell to make conjectures on the
mechanisms inside them. Because the molecular
mechanisms behind single migration are understood,
models addressing single cell migration tend to be de-
tailed at the molecular scale and have now moved on
to look at dynamics at the subcellular scale.

Initial models of single cell migration were based on
the dynamics of three major phases of motion or a
migration cycle observed in mesenchymal cells.11,58 In
one cycle, there are three types of force corresponding
to different phases: a contractile force from cell membrane

protrusions (lamellipodia), a traction force in the front
and rear of the cell due to receptor-ligand pairs (focal
adhesions), and a resistant force from viscoelastic
nature of the ECM.58 The entire process is repeated
until the cell stops completely on physicochemical
constraints. Such models included the effects of both
the cytoskeletal contractions and the extracellular
environment. Currently, single cell models have ex-
panded to include both time and spatial dynamics
within the cell as well as the effect of biochemical rates
of intracellular signaling networks in migration. This
can be witnessed in both cellular Potts models (CPM)
and spatial stochastic models taking into account dif-
fusion and advection within the cytoplasm.9,49,53 Other
models have been developed studying not the effect of
dynamics inside the cell but outside of it: Cell-ECM
interactions are crucial to regulation of migration
dynamics of single cells. Researchers have considered
the effect of contact guidance and matrix remodeling,
taking into account matrix stiffness and architec-
ture.24,51,52

Through experimental studies of cell migration, it
has become apparent that dimensionality of the cellu-
lar environment affects cellular behavior and migration
mode. Cells will display different behavior when on a
one, two or three dimensional space14; for example,
while most cells have lower speeds in a 3D environ-
ment than on a 2D culture surface, neutrophils display
almost no migration in 2D substrates and do migrate
when embedded in 3D collagen gels.23,24 Observations
such as this have led to both the development and
engineering of in vitro platforms to study migration as
well as consideration of this phenomenon in
CM.24,49,55 The internal differences in gene and protein
expression of different cell types are now considered in
CM.

This understanding of protein expression and sig-
naling networks in migratory cells have contributed in
the initial efforts to model migration of cell collectives.
Although collective migration is still being understood,
it has been observed to occur through different mech-
anisms: vascular sprouting for angiogenesis, branching
for morphogenesis in mammary glands, free groups of
border cells, detached clusters, and multicellular 3D
invasion strands in cancer.19 Derived from forced
based mechanistic models of single cell migration, a
model of a cell cluster was developed taking into
consideration the impact of three major factors: ligand
concentration, matrix metalloproteinase activity, and
cluster geometry.55 This model is promising, success-
fully showing potential effects of altering single vari-
ables in a system of cells in motion.

As a last consideration, we will mention tumor
growth computational models. As stated above, many
collective cell migration models were developed to
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study cancer, and one category of these is that simu-
lating tumor growth. These models focus on finding
the influence of external cues such as oxygen and
nutrient availability on the shape and compactness of
growing cell masses. They can be found both as agent-
based models or treating cell populations as a unit as in
continuum models.2,12,50 Agent-based models allow for
modeling of different cell types in populations; this can
be utilized when studying the role of stem cells in
tumor metastasis and histogenesis.

FUTURE PERSPECTIVES

Computational modeling (CM) has emerged as a
novel and highly promising strategic approach in var-
ious fields of biomedical sciences, particularly when the
experimental approach or clinical investigation is
technically challenging or expensive: It is important to
emphasize that the mechanical microenvironment of
stem cells, which largely governs their migration
dynamics, is quite complicated in vivo (Fig. 2).40 While
a few models have been proposed to illustrate theo-
retically or numerically the migration dynamics, there
are, at least, the following aspects to be addressed
through CM:

1. At the tissue level, CM can be used to understand
how stem cells migrate in the cases of embryonic
development and tissue histogenesis because many
physiological parameters are unknown. To achieve
this, the migration dynamics of cell clusters should
be elucidated.

2. At the cellular level, it is challenging to quantify
stem cell migration due to the physical, mechanical,
biochemical, and biological complexity of the cellular

microenvironment. Here, refined modeling of single
stem cell migration in various niches is crucial due
to understand the diversity of stem cells (e.g. ESC,
MSC, HSC, CSC, iPs, and more), the different
patterns of mechanical/physical stimuli (i.e. shear
flow, tension, compression, stiffness, topology,
geometry), various biochemical factors (e.g. con-
centration, gradient and distribution of chemokine,
cytokine, compounds and more), which are hard
isolate and examine individually experimentally.
Thus, CM will be very helpful to understand the
global impact of mechanical and biochemical fac-
tors under systematically varied parameter sets.

3. At the intracellular level, it is also critical to eluci-
date the signaling networks that regulate stem cell
migration. Both biochemical and molecular biology
data have identified many important signaling
molecules in stem cells, but kinetic rates and bind-
ing affinity for the each of the different pair of
molecules are poorly known; in some cases, it is also
unknown how these pairs of molecules are biolog-
ically linked. Signaling involved in stem cell differ-
entiation during migration should be taken properly
into account; for example, several developmentally-
conserved signaling pathways that have emerged as
important regulators of stem cell migration need to
be further investigated.

4. At the level of a whole organism, whether studying
a model animal or human pathophysiology, CM is
advantageous in predicting the migration dynamics
of stem cells from their origin to their target site.
Here large-scale hierarchical modeling is required to
map the global features of migrating stem cells
where those details for modeling of differentiated
cell migration are usually neglected; for example,
the role of autocrine and paracrine signaling
mechanisms in viability maintenance and efficient
self-renewal during embryogenesis.8,15 CM is
important also at the level of the organism to gen-
erate accurate prognostic estimates from stem cell
transplantation.

SUMMARY

While the regulation of stem cell migration is exten-
sively tested using experimental approaches, their sen-
sitivity and capacity to undergo different patterns of
mechanical and biochemical regulators are able to be
modeled computationally via theoretical and numerical
predictions to mimic their responses in the physiologi-
cally 3Dniche. Not only is computationalmodeling able
to help provide the mechanistic interpretation to the
measured experimental data, but it also predicts the

FIGURE 2. Illustration of mechanical microenvironment of
stem cell niche.
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potential key modulators to regulate their migration
dynamics. It is also useful in clinical practice such as
stem cell therapy, where the questions related to human
pathophysiology in health and disease have to be an-
swered. In summary, computational modeling provides
new information for stem cell migration in combination
with experimental measurements at different levels in
such fields as embryonic development, tissue regenera-
tion, and disease therapeutics.
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Long. Differential regulation of stiffness, topography, and
dimension of substrates in rat mesenchymal stem cells.
Biomaterials 34:7616–7625, 2013.

38Liu, A. R., L. Liu, S. Chen, Y. Yang, H. J. Zhao, L. Liu, F.
M. Guo, X. M. Lu, and H. B. Qiu. Activation of canonical
wnt pathway promotes differentiation of mouse bone
marrow-derived MSCs into type II alveolar epithelial cells,
confers resistance to oxidative stress, and promotes their
migration to injured lung tissue in vitro. J. Cell. Physiol.
228:1270–1283, 2013.

39Lo, C. M., H. B. Wang, M. Dembo, and Y. L. Wang. Cell
movement is guided by the rigidity of the substrate. Bio-
phys. J. 79:144–152, 2000.
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41Lü, D., C. Luo, C. Zhang, Z. Li, and M. Long. Differential
regulation of morphology and stemness of mouse embry-
onic stem cells by substrate stiffness and topography. Bio-
materials 35:3945–3955, 2014.

42Onda, T., O. Honmou, K. Harada, K. Houkin, H. Ha-
mada, and J. D. Kocsis. Therapeutic benefits by human
mesenchymal stem cells (hMSCs) and Ang-1 gene-modified
hMSCs after cerebral ischemia. J. Cereb. Blood Flow Me-
tab. 28:329–340, 2008.

43Painter, K. J. Modelling cell migration strategies in the
extracellular matrix. J. Math. Biol. 58:511–543, 2009.

44Polacheck, W. J., J. L. Charest, and R. D. Kamm. Inter-
stitial flow influences direction of tumor cell migration
through competing mechanisms. Proc. Natl Acad. Sci.
U.S.A. 108:11115–11120, 2011.

45Ratajczak, M. Z., M. Kucia, J. Ratajczak, and E. K. Zuba-
Surma. A multi-instrumental approach to identify and
purify very small embryonic like stem cells (VSELs) from
adult tissues. Micron 40:386–393, 2009.

46Roeder, I. Quantitative stem cell biology: computational
studies in the hematopoietic system. Curr. Opin. Hematol.
13:222–228, 2006.

47Sahin, A. O., and M. Buitenhuis. Molecular mechanisms
underlying adhesion and migration of hematopoietic stem
cells. Cell Adhes. Migr. 6:39–48, 2012.

48Saint-Marcoux, F., B. Royer, J. Debord, F. Larosa, F.
Legrand, E. Deconinck, J. P. Kantelip, and P. Marquet.
Pharmacokinetic modelling and development of dayesian
estimators for therapeutic drug monitoring of myco-
phenolate mofetil in reduced-intensity haematopoietic
stem cell transplantation. Clin. Pharmacokinet. 48:667–
675, 2009.

49Sakamoto, Y., S. Prudhomme, and M. H. Zaman. Visco-
elastic gel-strip model for the simulation of migrating cells.
Ann. Biomed. Eng. 39: 2735–2749, 2011.

50Schaller, G., and M. Meyer-Hermann. Multicellular tumor
spheroid in an off-lattice Voronoi-Delaunay cell model.
Phys. Rev. E 71:051910, 2005.

51Schluter, D. K., I. Ramis-Conde, and M. A. J. Chaplain.
Computational modeling of single-cell migration: the
leading role of extracellular matrix fibers. Biophys. J.
103:1141–1151, 2012.

52Schwarz, U. S., and I. B. Bischofs. Physical determinants of
cell organization in soft media. Med. Eng. Phys. 27:763–
772, 2005.

53Scianna, M., L. Preziosi, and K. Wolf. A cellular potts
model simulating cell migration on and in matrix envi-
ronments. Math. Biosci. Eng. 10:235–261, 2013.

54Sykova, E., and P. Jendelova. Migration, fate and in vivo
imaging of adult stem cells in the CNS. Cell Death Differ.
14:1336–1342, 2007.

55Vargas, D. A., and M. H. Zaman. Computational model
for migration of a cell cluster in three-dimensional matrices.
Ann. Biomed. Eng. 39:2068–2079, 2011.

56Wu, K. H., B. Zhou, X. M. Mo, B. Cui, C. T. Yu, S. H. Lu,
Z. C. Han, and Y. L. Liu. Therapeutic potential of human
umbilical cord-derived stem cells in ischemic diseases.
Transpl. Proc. 39:1620–1622, 2007.

57Wu, K. H., B. Zhou, C. T. Yu, B. Cui, S. H. Lu, Z. C. Han,
and Y. L. Liu. Therapeutic potential of human umbilical

Biomechanical Models of Stem Cell Migration 203



cord derived stem cells in a rat myocardial infarction
model. Ann. Thorac. Surg. 83:1491–1500, 2007.

58Zaman, M. H., R. D. Kamm, P. Matsudaira, and D. A.
Lauffenburger. Computational model for cell migration in
three-dimensional matrices. Biophys. J. 89:1389–1397, 2005.

59Zepeda-Moreno, A., R. Saffrich, T. Walenda, V. T. Hoang,
P. Wuchter, S. Sanchez-Enriquez, A. Corona-Rivera, W.
Wagner, and A. D. Ho. Modeling SDF-1-induced mobili-
zation in leukemia cell lines. Exp. Hematol. 40:666–674,
2012.

LIU et al.204


	Computational Modeling of Stem Cell Migration: A Mini Review
	Abstract
	Introduction
	Importance of Stem Cell Migration in Physiology and Medicine
	Need for Computational Modeling of Stem Cell Migration
	Major Achievements in Computational Models of Stem Cell Migration
	Computational Models Pertaining to Differentiated Cell Migration
	Future Perspectives
	Summary
	Summary
	References


