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Preface

One of the primary purposes and obligations of science, in addition to un-
derstanding nature in general and life in particular, is to assist in enhancing
the quality and longevity of life, indeed a most daunting challenge. To be
able to meaningfully meet the last of the above expectations, it is neces-
sary to provide the practitioner of medicine with diagnostic and predictive
capabilities that science will accord when its seemingly disparate parts
are melded together and brought to bear on the problems that they face.
The development of interdisciplinary activities involving the various basic
sciences—biology, physics, chemistry, and mathematics, and their applied
counterparts, engineering and technology—is a necessary key to unlocking
the mysteries of medicine, which at the moment is a curious admixture of
art, craft, and science.

Significant strides have been taken during the past decades for putting
into place a methodology that takes into account the interplay of the various
basic sciences. Considerable progress has been made in understanding the
role that mechanics has to play in the development of medical procedures.
This collection of survey articles addresses the role of mechanics with regard
to advances in the medical sciences. In particular, these survey articles
bring to one’s attention the central role played by mathematical modeling
in general and the modeling of mechanical issues in particular that have a
bearing on the biology, chemistry, and physics of living matter.

This book is written with the intent to highlight the fact that it is neces-
sary to expend considerable effort in bringing together scientists, engineers,
and doctors to address important problems in the medical sciences. The
aim is to foster the notion that it is necessary to train professionals who
are able to understand the medical needs, as well as the basic sciences,
in sufficient depth to be able to apply them to the problem at hand; to
develop a reasonable model; to have the capability to carry out numerical

xiii
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simulations; and finally to develop tools that can be used by those in the
practice of medicine. Even more challenging is the ability to suggest new
technological innovations on the basis of such modeling efforts. Completing
the crucial circle of observations in the medical field to the development of
phenomenological models, the use of computer simulations, and the devel-
opment of diagnostic and predictive tools, as well as new medical technolo-
gies that can be used for further medical observations, is the ultimate aim
of the medical research scientist, and the chapters in this book address an
important part of this circle.

The articles that appear in this volume are not merely conjectural in
nature. There is a genuine effort to test the theories under realistic sit-
uations. Explicit theoretical results are extracted either in analytical or
in numerical form, and a comparison with experimental findings is carried
out. The success of the models that have been developed can be judged by
the agreement between the predictions of the theories and the experiments.

It ought to be borne in mind that the modeling and subsequent mathe-
matical analysis of many biomechanical problems relevant to the different
parts of the human body share some basic characteristics; however, as the
applications are very different, spanning a variety of complex problems,
the modes of approach, the ways of thinking, and the semantics, are widely
different. As a result the pertinent literature is spread across journals
with widely varying styles and often involves mutually nonintersecting com-
munities of readership, for example, engineers, biologists, and medical doc-
tors. Given such a situation, another ambitious aim of this book is to
alleviate this situation to a certain degree, by publishing several survey
papers of those actively working in a variety of areas and gathering them
in one place so that the diverse audience will have the opportunity to rec-
ognize the similarities as well as the differences in the approaches that
are used. Articles by specialists working in some of the most important
areas of biomedicine—tumor growth, blood flow, mechanics of the circula-
tory system, cell rheology, mechanical properties of hard tissues, modeling
of biological membranes, and the modeling of natural tissue substitutes
(i.e., biomaterials)—are featured in this book. There is also a conscious
effort to address both theoretical and experimental issues.

Each chapter focuses on a specific biomedical application and explains as
simply as possible both the biological and mechanical background, together
with the basic ideas of the appropriate models. One can easily discern fea-
tures that are peculiar to each model as well as those that are in common.
An attempt is made to explain the rationale behind the model, and in most
of the contributions theoretical predictions are compared with experimen-
tal data. The authors have avoided cumbersome mathematical techniques
to illustrate their ideas, however, at the same time they provide references
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to literature where more complicated methods have been used to attack
specific problems.

The first chapter focuses on the description of the mechanical properties
of biological materials both from a macroscopic and a microscopic point of
view and of the different techniques for measuring cell and tissue properties.
The second chapter concerns biological and mechanical aspects involved in
blood flow. The next three chapters deal with other important problems
involving the cardiovascular system. In particular, the third chapter deals
with the formation and growth of aneurysms, the fourth chapter with the
mechanics of biodegradable stents, and the fifth chapter with the process
of hemostasis, including the effects of hemodynamic conditions and the
mechanical properties of the vasculature. The last three chapters deal with
the mechanical properties of different biological materials—bones, tumors,
and cell membranes, respectively.

It is our hope that the book will be of interest to graduate students in ap-
plied mathematics, engineering, and biomedicine and to young researchers
with an aptitude for multidisciplinary research in biomedicine.



1

Rheology of Living Materials

R. CHOTARD-GHODSNIA AND C. VERDIER

Laboratoire de Spectrométrie Physique, UJF-CNRS, UMR 5588
BP87, 140 avenue de la Physique
F-38402 Saint-Martin d’Héres, France

ABSTRACT. In this chapter, the properties of biological materials are
described both from a microscopic and a macroscopic point of view. Dif-
ferent techniques for measuring cell and tissue properties are described.
Models are presented in the framework of continuum theories of viscoelas-
ticity. Such models are used for characterizing experimental data. Finally,
applications of such modeling are discussed in a few situations of interest.

1.1 Introduction
1.1.1 What Is Rheology ?

Rheology (in Greek, rheos: to flow, -logy: the study of) is a pluridisci-
plinary science describing the flow properties of various materials, i.e. the
study of the stresses that are needed to produce certain strains or rate of
strains within a given material. It consists of different approaches that are
all needed to understand the complexity of fluids or materials possessing
viscoelastic or viscoplastic properties. The main approaches are:

e Measurements of the rheological properties in simple flows (shear and
elongation)
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Simultaneous description of the underlying microstructure as a func-
tion of deformation

Constitutive modeling using generalized continuum or molecular mod-
els based on the previous observations

e Applications to real situations (complex flows and geometries)
e Numerical simulations when analytical works are not possible

Typical fluids or materials under investigation in the framework of rheol-
ogy can be polymers (including polymer solutions, rubbers, polymer emul-
sions), suspensions of particules or deformable objects (e.g. blood cells),
and other complex systems (foams, gels, tissues, etc.) as described by
Larson [LAa).

1.1.2 Importance of Rheology in the Study of
Biological Materials

Biological materials (see the textbook by Fung [FUa] or the review paper
by Verdier [VEa]) start at the cell level (order of a few microns) and can
reach sizes up to the size of an assembly of cells or tissue (a few millime-
ters). Rheology is important for describing such materials because they
are usually made of the above-mentioned systems. The cell (Figure 1.1), to
start with, possesses an elastic nucleus, a viscous or viscoplastic cytoplasm,
and is surrounded by an elastic membrane made of a lipid bilayer, where
adhesion proteins coexist [ALa].

An example of a biological fluid is blood, which is a suspension of pro-
teins (i.e. polymers) and cells (erythrocytes, as well as various white blood
cells) inside a fluid (plasma). Another example is the one of a biological

Adhesion proteins

nucleus

cytoplasm membrane

Cell or ECM

Focal adhesion contacts

Figure 1.1. Sketch of a cell modifying its contacts and microrheology to
undergo migration, at velocity V.
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tissue. It contains an assembly of cells connected to each other by the ex-
tracellular matrix (ECM) and adhesion proteins. These complex systems
lead to viscoelastic properties due to the presence of fluids (viscous effects),
and the presence of elastic components (particles, inclusions with interfa-
cial tensions, elastic membranes). Several rheological models can already
predict such behaviors. The complexity of the biological tissue or fluid
relies on the fact that such media are active, and can rearrange their mi-
crostructure to produce different local (or nonlocal) properties or stresses
in order to resist, or to achieve a precise function; in other words, they are
intelligent materials.

In this chapter, we describe a few rheological models useful for modeling
complex media. Then a brief description of biological media is presented.
Measuring techniques to investigate the properties of cells and tissues is
then explained. Finally, we present a few examples of predictions achieved
through rheological modeling.

1.2 Rheological Models

In this section, a simple 1-D viscoelastic model, the Maxwell model, and a
viscoplastic 1-D one, the Bingham model, are presented. These models are
quite interesting and can provide valuable information for the interpretation
of simple experiments. A generalization of such models is made in three
dimensions.

1.2.1 One-Dimensional Models
1.2.1.1 The Mazwell Fluid

We consider a simple viscoelastic 1-D model, which is depicted in Figure 1.2
where a spring (spring constant G) and dashpot (viscosity 1) are assembled
in series. The resulting stress 7 is the same in the two elements whereas
the deformation « is the sum of the deformations in each element. This
leads to the following constitutive equation,

A+ T =17, (2.1)

where A\ = 1/G is the relaxation time, and 4 is the rate of deformation. This
form is the differential form of the Maxwell model. It leads to a decrease in
stress 7(t) = 19 exp(—t/A), when motion is stopped, where 7y is the initial
stress.
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i v

2

~ > >
T T
-~ I
- >

Y

Figure 1.2. Schematic representation of the Maxwell element.

1

Limiting cases of elastic and viscous materials can be recovered:

e When ¢t <« A (short times), 7 = Gvy = the material is elastic
(G =n/A).

e When A <« t (long times), 7 =y = the material is Newtonian.

Equation (2.1) has an exact solution which is
t !
(t) = / G e (=Nt . (2.2)

Relation (2.2) is the integral version of the Maxwell model. It has the
advantage of showing that the stress is a function of the history of defor-
mation, and also shows that stress and rate of strain are related via this
integral form with a kernel G(t) = Gexp(—t/A). This function is called
the relaxation function. Similarly, a relation between the strain (t) and
the stress 7(t) can be obtained in integral form through another kernel
J(t) = 1/G + t/n which is called the compliance.

Remark 2.1  The other simple model considered in the literature is the
Kelvin—Voigt model consisting of a spring and dashpot in parallel. This
model exhibits a constitutive equation of the type 7 = G~ + ny. In this
case G(t) = G and J(t) = 1/G(1 —exp(—t/X)), where X is defined similarly
but is a retardation time.

A generalization to multiple-mode Maxwell models can easily be made
through the use of the following distribution (Gj;, A;) appearing in the re-
laxation function, corresponding to the use of several Maxwell elements in
series,

G(t) =Y Gie /X (2.3)
i=1
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This is sometimes enough to obtain a good idea of the dynamic mod-
uli, often used in oscillatory rheometry [Blc]. Otherwise, one may use a
continuous distribution of relaxation times:

G(t) = /OOO Hi)\) exp<—§> dA. (2.4)

Such formulae have been used successfully for predicting the dynamic
rheology of molten polymers, in particular Baumgaertel and Winter [BAc]
who used two specific empirical formulae for H()\) for small times and long
times.

1.2.1.2 The Bingham Fluid

Bingham fluids are an example of the so-called viscoplastic materials. A
Newtonian fluid can flow under the action of any stress but it is unlikely
that a Bingham fluid will do the same. Indeed, it usually requires that
a certain stress, i.e. the so-called “yield stress,” is applied. For example,
under the action of its weight alone, a fluid element might or might not flow.
This relies on the fact that the typical stress (shear, elongation) dominates
the effect of the yield stress. Yield stresses are due to complex interactions
taking place at the microscopic level, which link the material particles. A
solution of F-actin (essential component of the cytoplasm), as an example,
can flow only if the actin concentration is not too large. If it is large, then
interactions between the actin proteins are such that temporary links exist
throughout the fluid, showing the existence of a yield effect.
The simplest 1-D model (in the case of shear) is the Bingham fluid [MAa],
given by
T < Ty =0 or 7=Gy
(2.5)
T>Ts T="Ts+77.

This relation explains that a certain stress 75 needs to be overwhelmed
by the shear stress (7) to achieve flow. Under this threshold, no flow is
obtained, but a simple elastic relation can be verified generally. Above this
threshold, the material exhibits a Newtonian behavior with viscosity 7.
Other viscoplastic relations exist, such as the Casson model (useful for
describing the behavior of blood, at different hematocrit contents), or the
Herschel-Bulkley model [MAa]. Finally, note that the cell cytoplasm may
be modeled using the Bingham model or Herschel-Bulkley model, based
on the constituents in presence. Another model introduced by He and
Dembo [HEa], is the sol-gel model: it has been found to be successful
to predict cell division. Sol-gel models can help in predicting transitions
from a liquid state (“sol”) to a quasi-solid state (“gel”) when a certain
constituent’s concentration is reached.
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1.2.2 Three-Dimensional Models

To start with, we recall the principal relations used in classical fluid me-
chanics and elasticity, before presenting the 3-D viscoelastic models. Let
us define the total stress tensor X with an isotropic part, and an extra
stress 7:

where p is the pressure, and I is the identity tensor. To define constitutive
equations and generalize the 1-D ones in the previous section, we need to
define laws valid for all observers (principle of material frame-indifference).
Indeed, two observers in given reference frames should be able to measure
the same material properties or laws. Consider a motion X = i’(i,t) and
stress tensor X = E(X,t). Another observer with clock t* = ¢t — a, in

a frame defined by ®* = x*(X,t*) = &(t) + gi()_i,t), should observe a

stress £* = Q(1)Z Q¥ (¢), following Malvern [MAd], for example. In the
previous relations, a, €, and Q are, respectively, any constant, vector, and

orthogonal tensor. X is said to be frame-indifferent.

1.2.2.1 General Fluids

For the classical Newtonian fluid, the extra stress is expressed in terms
of D, the symmetric part of the velocity gradient tensor, which is frame-
indifferent. This defines the isotropic Newtonian fluid:

£ = —pI+ Mr(D)I+ 2D, 27)

where 1 and A are the viscosity and second viscosity coefficients, respec-
tively. For incompressible fluids, the equation simply reduces to X =
—pl + 2nD. B

More general fluids can be defined, such as the Reiner—Rivlin fluid,
where one makes use of the fact that an expansion of the stress in terms of
the powers of D is also a good model and can be reduced to powers of D
and QQ only.

3 = —pl + 27D + 47,D?, (2.8)

where 75 is considered to be a second viscosity, but has different units
(Pa.s?). In Eq. (2.8), the constants i and 72 depend on the invariants of D,
in particular Ip. Note that the first invariant Ip is 0 for incompressible
materials. Equation (2.8), associated with the assumption that 7o = 0,
has been used extensively to predict the shear thinning (and thickening)
behavior of polymer solutions and suspensions [MAa].
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1.2.2.2 FElastic Materials

Similarly to fluids, the constitutive equation of an isotropic elastic material
gives the stress X in terms of the linear part of deformation € (symmetric

part of gradﬁ, where @ = ¥ — X is the displacement between the initial

and present position, in Lagrangian coordinates):
S = Mr(9L+ 2pg, (2.9)

where A and p are the Lamé coefficients (in Pa). The generalization of
this relation to large deformations is made possible through the use of
the frame-indifferent strain tensor B = QT, where F is the deformation
gradient. Again, by assuming the stress to be a polynomial function of B,
and making use of the Cayley—Hamilton theorem, we obtain a relation for
large deformations, the so-called Mooney-Rivlin model (MR):

> =ol+20:B—-2C,B", (2.10)

where C and C5 are constants in the MR model but may also be functions
of the invariants of B. « is a constant that needs, like a pressure, to be
determined, for example, through boundary conditions.

More generally, any function of the invariants of B can be used, via
a strain energy function W (Ig, I'z). Here, for an incompressible material
I = 1. This defines a more general hyperelastic material:

X=al+2—B-2-—-B" (2.11)

1.2.2.3 Viscoelastic Materials

If one wants to generalize the case of the Maxwell element in Eq. (2.1), it is
natural to replace the 1-D stress 7 by the tensor 7, and then to replace ¥ by
its tensor form 2D. Still one needs to be careful about the generalization
of 7, because 1 is not frame-indifferent. In fact, there are a limited number
of frame-indifferent derivatives [MAd], such as the following upper and
lower convected derivatives given by, respectively,

—

—gradv T — l(gr_&dV)T, (2.12)

=<

193¢

.

= D>

+ Tgradv + (ngLdV)Tg. (2.13)

Il

. . . . o \v4 yAN
The co-rotational derivative is also another one, 7= (7 + T), as well
as other linear combinations of the above two. Note that we are now using
the extra stress .
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Following this, we obtain the upper convected Maxwell model, as the
generalized differential form of (2.1):

AT 41 =2D. (2.14)
There is also an integral version of this equation:
t
rt)= [ M(t—t)B¢) - Dar, (215)
—00

where M (t) = (n/A?) exp(—(t/\)) = —(dG/dt), and B(t,t') is the relative
deformation tensor. Formula (2.15) is called Lodge’s formula and can in-
clude general functions G(t), for example, such as the ones in (2.3), or more
generally decreasing convex functions that have a finite value for G(0).
Finally, a generalization of Lodge’s model, as well as ideas developed
in the previous part on elasticity, in particular, Eq. (2.11), lead to another
more general form, known as the K-BKZ equation (factorized form):

t ow ow
wt)= [ M) [2—(13,113)5@,5) —2—(13,113)5*1(15,7:’)} dat.
= —co dlp = ollp =
(2.16)
This model has been used quite a lot for predicting the elongational
properties of polymers or polymer solutions, and gives excellent agree-
ment [WAa]. On the other hand, it is not very good for predicting shear

data [Blc].

1.2.2.4  Viscoplastic Models

The generalization of Eq. (2.5) to a tensor form gives:

/B

[lw

=0 or =GB,

Ts (2.17)
I > s £:2<7}+\/T)2a
2D

where I, = $(tr(r)* — tr(r?)) is the second invariant of the extra stress
tensor 7. This way of defining the inequality implies that all components
of the stress may contribute to overwhelm the yield effect. Other possible
models (Herschel-Bulkley, Papanastasiou, Casson [MAa]) can be used, in
particular, using the fact that the viscosity n in (2.17) may be taken to be
a function of the invariants of D, in particular, Ip. As an example, models
that characterize blood are described in the part concerning rheological
modeling of tissues and biofluids.
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1.3 Biological Materials

The response of a material to applied loads depends upon its internal consti-
tution and interconnections of its microstructural components. Biological
tissues are composed of the same basic constituents: cells and extracellular
matrix.

1.3.1 Cells

Cells are the fundamental structural and functional unit of tissues and or-
gans. It has been known over the last two decades that many cell types
change their structure and function in response to changes in their mechan-
ical environment. A typical cell consists of a cell membrane, a cytoplasm,
and a nucleus [ALa].

The cell membrane consists of a phospholipid bilayer with many embed-
ded proteins that function as channels, receptors for target molecules, and
anchoring sites.

The cytoplasm is a fluid containing the cytoskeleton and dispersed or-
ganelles.

The cytoskeleton is a network of protein filaments extending throughout
the cytoplasm. The cytoskeleton provides the structural framework of
the cell, determining the cell shape and the general organization of the
cytoplasm. The cytoskeleton is responsible for the movements of entire cells
and for intracellular transport. It is formed by three structural proteins:
actin filaments, intermediate filaments, and microtubules. Actin filaments
are extensible and flexible (5-9 nm in diameter). Intermediate filaments
are ropelike structures (10 nm in diameter). Microtubules are long cylin-
ders (25 nm in diameter) with a higher bending stiffness than the other
filaments. These three primary structural proteins perform their functions
through interactions with accessory cytoskeletal proteins, such as actinin,
myosin, and talin.

The organelles play various roles. For example, the Golgi apparatus plays
a role in the synthesis of polysaccharides and in the transport of various
macromolecules. The endoplasmic reticulum is the site of the synthesis of
proteins and lipids.

The extracellular matriz consists of proteins (collagens, elastin, fibronectin,
vitronectin, etc.), glycosaminoglycans, and water. Collagen, the most
abundant protein in the body and a basic structural element for soft and
hard tissues, and elastin, the most linearly elastic and chemically stable
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protein, are primary structural constituents of the extracellular matrix,
from a mechanical point of view. The extracellular matrix has many func-
tions. It serves as an active scaffold on which cells can adhere and migrate.
It serves as an anchor for many substances (growth factors, inhibitors) and
provides an aqueous environment for the diffusion of nutrients between the
cell and the capillary network. It maintains the shape of a tissue, giving it
strength and mechanical integrity. To summarize, the extracellular matrix
controls cell shape, orientation, motion, and function.

1.3.2 Tissues

A tissue is a group of cells that perform a similar function. There are four
basic types of tissues in the human body: epithelium, connective tissue,
muscle tissue, and nervous tissue [FAb].

Epithelium is a tissue composed of a layer of cells. It can line internal (e.g.
endothelium which lines the inside of blood vessels) or external (e.g. skin)
free surfaces of the body. Functions of epithelial cells include secretion,
absorption, and protection.

Connective tissue is any type of biological tissue with extensive extra-
cellular matrix that holds everything together. There are several basic

types.

e Bone: contains specialized cells, osteocytes, embedded in a mineral-
ized extracellular matrix and functions for general support, protec-
tion of organs, and movements. It is a relatively hard and lightweight
composite material. It is formed mostly of calcium phosphate which
has relatively high compressive strength though poor tensile strength.
Although bone is essentially brittle, it has a degree of elasticity con-
tributed by its organic components (mainly collagen).

e Loose connective tissue: holds organs in place and attaches epithelial
tissue to other underlying tissues. It also surrounds blood vessels and
nerves. Fibroblasts are widely dispersed in this tissue and secrete
strong fibrous proteins (e.g. collagen and elastin) and proteoglycans
as an extracellular matrix.

e Fibrous connective tissue: has a relatively high tensile strength due
to a relatively high concentration of collagenous fibers. This tissue
is primarily composed of polysaccharides, proteins, and water and
does not contain many living cells. Such tissue forms ligaments and
tendons.

e Cartilage: is a dense connective tissue primarily found in joints. It is
composed of chondrocytes that are dispersed in a gellike extracellular
matrix mainly composed of chondroitin sulfate.
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e Blood: is a circulating tissue composed of cells (hematins, leukocytes,
and platelets) and fluid plasma (its extracellular matrix). The main
function of blood is to supply nutrients (e.g. glucose, oxygen) and
to remove waste products (e.g. carbon dioxyde). It also transports
cells and different substances (hormones, lipids, amino acids) between
tissues and organs.

e Adipose tissue: is an anatomical term for loose connective tissue com-
posed of adipocytes. It provides cushioning, insulation, and energy
storage.

Muscle is a contractile form of tissue. Muscle contraction is used to move
parts of the body and substances within the body. There are three types
of muscles:

e Cardiac muscle

o Skeletal muscle (or “voluntary”): attached to the skeleton and used
for movement

e Smooth muscle (or “involuntary”): found within intestines, throat,
and blood vessels.

The nervous tissue has the function of communication between parts of
the body. It is composed of neurons, which transmit impulses, and the
neuroglia, which assists the propagation of the nerve impulse and provides
nutrients to the neurons.

1.4 Measurements of Rheological Properties of
Cells and Tissues

1.4.1 Microrheology

Conventional rheological measurements are not always adapted to biolog-
ical materials because they require large quantities of rare materials and
provide an average measurement and do not allow for local measurements
in inhomogeneous systems. Microrheological methods address this issue by
probing the material on a micrometer-length scale using microliter sample
volumes. Two microrheological approaches can be found in the literature:
active tests and passive tests.

1.4.1.1 Active Tests

In this class of microrheological measurements, the stress is locally applied
to the material by active manipulation of the probe through the use of
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electric or magnetic fields or micromechanical forces. Then, the resultant
strain is measured to obtain the local shear moduli. We describe three
active manipulation techniques in the following paragraphs.

Optical tweezers. Optical tweezers consist of a focused laser directed at a
micrometer-scale dielectric object, such as beads or organelles, and used to
control their position [ASa]. For typical object sizes (0.5-10 pm in diame-
ter) used, the force (limited to the pN range) is generated by the refraction
of the laser within the bead coupled with the differences in photon density
from the center to the edge of the beam. Very small objects do not trap
well because the trapping force decreases with decreasing object volume.
By moving the focused laser beam, the trapped particle is forced to move
and applies a local stress to the sample. The resultant particle displacement
reports strain from which rheological properties can be obtained. Elasticity
measurements are possible by applying a constant force with the optical
tweezers and measuring the resultant displacement of the particle. The
membrane elastic modulus of red blood cells was measured using this ap-
proach [HEc|. Frequency-dependent rheological properties can be measured
by oscillating the laser position with an external steerable mirror and mea-
suring the amplitude of the bead motion and the phase shift with respect
to the driving force. Microrheology of soft materials was studied using this
approach [HOa].

Magnetic tweezers and magnetic twisting. Magnets are used to apply either
a linear force (magnetic tweezers) or a twisting torque (magnetic twist-
ing) to embedded magnetic particles. The resultant particle displacements
measure the rheological response of the surrounding material. Particle se-
lection is critical because its magnetic contents influence the applied force.
Ferromagnetic beads can generally exert large forces but they retain a part
of their magnetization each time they are exposed to a magnetic field. Para-
magnetic beads are less susceptible to magnetization but they exert smaller
forces (typically 10 pN to 10 nN). Videomicroscopy is used to detect the
displacements of the particles under applied forces. The spatial resolution
is typically in the range of 1020 nm and the temporal range is 0.01-100 Hz.
Three modes of operation are available: (1) a viscometry measurement by
applying a constant force; (2) a creep response measurement by apply-
ing a pulselike excitation: using this method Bausch et al. found linear
three-phasic creep responses consisting of an elastic domain, a relaxation
regime, and a viscous flow behavior for different cell types [BAd, BAe]; and
(3) a measurement of the viscoelastic moduli in response to an oscillatory
stress: using this method Fabry et al. [FAa] suggested that the cytoskele-
ton may behave as a soft glassy material [BOa, SOal, existing close to a
glass transition, rather than as a gel.
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Atomic force microscopy. The atomic force microscope [BIb] has been
widely used to study the structure of soft biological materials, in addition to
imaging information about the surface topology. A soft cantilever is pushed
into the sample surface. The cantilever deflection is measured by a laser
detection system (reflecting laser beams off the cantilever and position-
sensitive photodetector). Knowing the cantilever’s spring constant, the
cantilever deflection gives the force required to indent a surface and this
has been used to measure the local elasticity and viscoelasticity of thin
samples and living cells. For elasticity measurements [RAa, ROal, a modi-
fied Hertz model is used to describe the elastic deformation of the sample
by relating the indentation and the loading force. Elastic mapping of cells
was possible using this technique [AHa]. A common source of error for
very thin or soft materials is the contribution of the elastic response of the
underlying substrate on which the sample is placed. This contribution is
higher for higher forces and indentations and can be reduced by using a
spherical tip. This increases the contact area and allows application of the
same stress to the sample with a smaller force [MAD].

For viscoelastic measurements, an oscillating cantilever tip is used [AHa,
MAD, ALb, MAc]. A small amplitude (5-20 nm) sinusoidal signal is ap-
plied normal to the surface around the initial indentation position at fre-
quencies ranging from 20 to 400 Hz. Using this test, Mahaffy et al. [MAc]
characterized the lamellipodium of fibroblast cells and obtained a rubber
plateaulike behavior. Smith et al. [SMa] characterized the microscale vis-
coelasticity of smooth muscle cells with AFM indentation modulation in
their fibrous perinuclear region. They found that the complex shear modu-
lus, measured in response to nanoscale oscillatory perturbations, exhibited
soft glassy rheology. The elastic (storage) modulus of these cells scaled as
a weak power law and their loss modulus scaled with the same power law
dependence on frequency.

1.4.1.2 Passive Tests

In this class of microrheological measurements, the passive motion of the
probes, due to thermal or Brownian fluctuations, is measured [MAe]. In this
case, no external force is applied to the material. Phenomenologically, em-
bedded probes exhibit larger motions when their local environments are less
rigid or less viscous. Both the amplitude and the time scale are important
for calculating the mechanical moduli. The mean squared displacement
(MSD) of the probe’s trajectory is measured over various lag-times to quan-
tify the probe’s amplitude of motions over different time scales. In purely
viscous materials, MSDs of probes vary linearly with lag-times. In purely
elastic materials, MSDs are constant regardless of lag-times. A viscoelastic
material can be modeled as an elastic network that is viscously coupled to
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and embedded in an incompressible Newtonian fluid. A natural way to in-
corporate the elastic response is to generalize the standard Stokes—Einstein
equation for a simple, purely viscous fluid with a complex shear modulus
to materials that also have a real component of the shear modulus [MAf]:

~ kT

Gls) = mas < AF2(s) >’ 1)

where s is the complex Laplace frequency, kg is the Boltzmann constant, T’
is the absolute temperature, a is the radius of the probe, and < A72(s) > is
the unilateral Laplace transform of the two-dimensional MSD < Ar?(t) >.
To compare with bulk rheology measurements, G(s) can be transformed
into the Fourier domain to obtain the complex shear modulus G*(w).

For most soft materials, the temperature cannot be changed signifi-
cantly. Thus, the upper limit of the measurable elastic modulus depends
on both the size of the embedded probe and on our ability to resolve small
particle displacements. The resolution of detecting particle centers depends
on the particle tracking method and ranges from 1 to 10 nm. This allows
measurements with micron-sized particles of materials with an elastic mod-
ulus of 10 to 500 Pa. This is smaller than the range accessible by active
tests but sufficient to study many soft materials. Moreover, passive mea-
surements have the advantage of dealing with the linear viscoelastic regime
because no external stress is applied.

To use the generalized Stokes—Einstein relation (4.1) to obtain macro-
scopic viscoelastic shear moduli of a material, the medium should be treated
as a continuum material around the embedded particle. Thus, the size of
the embedded particle must be larger than any structural length scales of
the material. Moreover, this relation is valid for a large frequency range
(10 Hz to 100 kHz) which is much higher than traditional methods where
inertial effects become significant around 50 Hz. The MSD of embedded
particles should be measured with a very good temporal and spatial resolu-
tion to take full advantage of the range of frequencies and complex moduli
measurable in a passive microrheology test. The MSD can be obtained
from methods that directly track the particle position as a function of time
or from light-scattering experiments.

The rheological properties of living cells have been measured using par-
ticle tracking microrheology. Yamada et al. [YAa] showed that the cyto-
plasmic viscoelasticity of kidney epithelial cells varied within subcellular
regions and was dynamic. At low frequencies, lamellar regions (820 +
520dyne/cm?) were more rigid than viscoelastic perinuclear regions (330 +
250dyne/cm?) of the cytoplasm, but the spectra converged at high frequen-
cies (>1000rad/s).

Finally, other groups have used improved particle-tracking methods: in
particular, Crocker et al. [CRa] have developed a two-point microrheology
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technique, based on cross-correlation of the motion of two particles. Tseng
et al. [TSa], on the other hand, used multiple-particle-tracking microrhe-
ology to spatially map mechanical heterogeneities of living cells.

To summarize, microrheological techniques allow us to characterize com-
plex materials on length scales much shorter than those measured with
macroscopic techniques. In an incompressible homogeneous material, the
response of an individual probe due to an external force (active tests) or
to thermal fluctuations (passive tests) is an image of the bulk viscoelas-
tic properties of the surrounding medium. In heterogeneous materials, the
motion of individual probes gives the local properties of the material, and
cross-correlated motion of the probes gives its bulk properties. Moreover,
viscoelastic properties can be measured in a larger frequency range (0.01 Hz
to 100 kHz) than in macroscopic measurements.

1.4.2 Macroscopic Tests

There are different macroscopic tests that can be carried out with biological
tissues. They are classified here into two categories: the ones giving access
to shear properties (transient assays, steady shear, oscillations) such as pure
shear and compression, or the ones giving access to tensile or elongational
properties.

1.4.2.1 Shear

Classical definitions of shear experiments need to be given first. Usually,
it is common to carry out experiments in a rotational rheometer when
dealing with biological fluids or materials. This instrument allows us to
have access to stresses (or torques) and strains while measuring strains and
stresses, respectively. The basic idea is that operating in a circular geome-
try allows us to keep the fluid (material) in the same device, whereas capil-
lary rheometry requires systems that push the fluid, therefore they require
a larger amount of material. Usual rotational rheometers include differ-
ent geometries such as the plate—plate, cone—plate, and Couette geometry
(usually used for less viscous fluids). There is a different working formula
for each one.

Transient motions. In classical rheometry, one applies a steady shear rate
(in fact, startup from 0 to ) and the stress 7 = 012 is measured. Then the
transient viscosity 1" (¢,7), the first and second normal stress coefficients
Y1 (t,%), and 43 (t,%), can be determined:

nt(t, ) = 22, (4.2)

W () = (st (43)
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v (t,4) = r2=optl), (4.4)

They are named the viscosimetric functions. If these behaviors cor-
respond to typical viscoelastic materials, one expects a rise of n*(¢,%),
Y1 (t,7%), and 3 (t,7), until a plateau is reached. The limiting values will
then be n(%), ¥1(%), ¥2(¥). When elastic effects are important at high
shear rates, for example, there might be an overshoot in the time evolution
of the previous functions [Blc] until a steady state is found.

Steady-state functions. As previously discussed, the steady-state functions
n(¥), ¥1(%), ¥2(%) are the limits of the time-dependent functions as time
becomes large. These limits are usually reached in times inversely propor-
tional to the velocity of deformation (shear rate 4 here). Materials or fluids
with a decreasing n(y) are said to be shear-thinning whereas the opposite
is the shear-thickening behavior, as observed for certain suspensions of par-
ticles. When the stress goes to a limit at small shear rates, the material
exhibits a yield stress as explained previously for Bingham fluids.

The first and second normal stress differences are quite important, be-
cause they are related to elastic effects, not usually encountered with New-
tonian fluids. They correspond to the fact that the application of a shear
in the 1-2 plane can give rise to normal stresses oo and o33 in the other
directions (rod-climbing effect, etc.).

Dynamic rheometry. This is the most common test used for characteriz-
ing biological materials, when large quantities of materials are available
(collagen, actin solutions, etc.) and when such properties can be consid-
ered to be homogeneous, and not local. In shear, one applies a sinusoidal
deformation v(t) = 4psin(wt). The stress 7 is assumed to vary as does
T(t) = 1osin(wt + ¢). One of its components is in phase with v (elastic
response), and the other one varies as does % (viscous part). One de-
fines, respectively, the elastic and viscous moduli G’ and G”. They are
defined by G'vyp = 19 cos p and G"y9 = Tosinp. The loss angle ¢ is given
by tanpy = G”/G’. In complex variables, the complex modulus G* is:
G* = G' +iG" and the dynamic complex viscosity is n* = G*/iw =
n —in" = G"/w —iG'Jw. Moduli G’ and G are determined for small
deformations (linear domain), i.e. the domain where they remain constant
for small enough 7. An example of the dependence of G' and G” versus
frequency w is given in Figure 1.3.
As can be seen, two different behaviors can be obtained:

e Newtonian behaviors at low rates: Case of usual fluids with respective
slopes 2 and 1 for G’ and G”.

e Yield stress effects: G’ and G” have a limiting value (fluid with a
yield stress).
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Figure 1.3. Dependence of G'(Pa) and G”(Pa) on frequency w(rad/s). At
low frequencies, the fluid exhibits yield effects (dotted lines), such as in the
case of concentrated actin solutions [SCa] or decreases with slopes 2 and 1
respectively, as in the limiting case of the Newtonian fluid (solid lines).

At moderate frequency values, G’ usually exhibits a plateau value (case
of polymer solutions) and at high frequencies, G’ and G” increase similarly
as w", where n is about 0.5-0.7, until the solid-high frequency regime is
obtained.

Remark 4.1  The Maxwell model (Fig. 1.2) has a complex modulus G* =
G (iwM/(1 + iw))) therefore G'(w) = G(w?X2/(1 4+ w?A\?)) and G"(w) =
G(wA/(1 + w?)2)). This allows us to recover the typical behavior at low
frequencies corresponding to the slopes of 2 and 1 for G' and G”.

1.4.2.2 FEztension

The extensional properties of viscoelastic biological materials have been
usually characterized using traction machines [FUa|, or more subtle sys-
tems when biofluids are used. Usually constant rates of extension should be
used, although this is rarely the case. In a constant stretching experiment
at rate ¢, the fluid element length increases exponentially, which is difficult
to achieve. The elongational stresses of interest are combined to elimi-
nate pressure effects in the form o117 — 099, and the transient elongational
viscosity is defined by:

. 011 — 022 .
ﬂg(t, E) = f(ta 6)' (4'5)
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If formula (4.5) has a limit for infinite times, then the elongational
viscosity ng(€) can be defined. This limit exists usually at small enough
elongational rates ¢ < 1/2\ (X is the relaxation time defined previously),
but it happens (as in Maxwell’s fluid) that there is no limit above this value.

Typical instruments for obtaining constant stretch experiments are the
traction experiment, the spinning fiber method, or the opposed jet method
and four-roll mill apparatus for less viscous fluids [MAa].

Usually, the cases of biological materials under investigation has led to
results that give rise to hyperelasticity, as depicted by sharply increasing
stress—strain curves, but there is always a small effect due to the rate of
stretch [FUa] which is usually neglected, unlike with biofluids.

1.5 Applications of Rheological Models
1.5.1 Cells

In this section, a few examples of successful predictions of cell modeling
corresponding to real situations are presented, in particular in the case of
cell motion under flow, and in the case of cell migration.

1.5.1.1 Cell Behavior Under Flow

Basic ideas. Red blood cells have a very precise size (diameter 8 to 10 pm)
whereas leukocytes are usually bigger (around 15 pm). Cells are able to
travel through arteries or veins and also through small capillaries that are
of the order of a few wm. They must therefore possess very special rheolog-
ical properties to achieve these features; sometimes they can also migrate
through the endothelial barrier (in the case of leukocytes or cancer cells).
Let us consider the case of a single cell traveling in a vessel, and assume
that the plasma is Newtonian. When subjected to an applied pressure, it
takes an equilibrium position depending on the viscosity ratio and on the
capillary number (ratio of viscous forces over surface effects). For leuko-
cytes in capillaries, for example, assuming the Reynolds number is small
and that the viscosity ratio is usually larger than one, the cell will take an
equilibrium position between the wall and the centerline, and its deforma-
tion will basically depend on the capillary number [FUa].

To model a cell, several possibilities exist. The first authors to model
cells used a membrane with a cortical tension surrounding a Newtonian
fluid [YEa]. This model is already a good omne for red blood cells. Mem-
branes can also be considered to be linear elastic or nonlinear elastic sheets
[SKa] (deriving from a strain energy function). They usually have a large
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2-D elastic modulus so that their surface is almost inextensible. They only
exhibit a bending energy [HEb]. Other possibilities (dropletlike models)
such as a Newtonian fluid surrounded by a cortical layer [YEa] are also
possible, and have proved to be efficient for describing micropipette exper-
iments, for example. Finally, viscoelastic cells with a cortical tension have
been proposed recently [KHa,VEDb|, and seem to be good candidates for
describing cell behavior under flow.

Usually, due to the constraints, or simply to the fact that cells do not
really travel in a linear fashion, they will eventually get close to the vascular
wall and interact with it. This is studied next.

Modeling cell interactions. Cells are known to exhibit proteins (LFA-1,
MAc-1, ICAM-1, etc.) on their surface, also named ligands (ICAM-1,
VCAM-1, etc.). These ligands might interact with receptors present at the
wall, on the endothelial lining. A simple reaction between a ligand (L) and
a receptor (R) can give rise to a bond (L—R) according to

L+R=L-R (5.1)

Assume that Ng and NI% are the initial concentrations of ligands and
receptors, respectively, and that N is the number of bonds formed; then
the rate-equation for N is:

a k¢(Np — N)(N§ — N) — k,.N. (5.2)

This is called a kinetics equation for cell-mediated adhesion. The solu-
tion of this equation starts at an initial prescribed value and then decreases
until a plateau is reached. This model (microscopic) can be coupled with
the usual macroscopic equations describing the cell behavior [DEDb], there-
fore it is a way to couple the microscopic and macroscopic descriptions.
Indeed, the forward and backward constants ky and k. are respectively
known through

40 _O'ts(xm - )\)2:|

ky = ky exp{ 721@31“ , (5.3)
_ 10 (0 — ots)(@m — )‘)2}

kr =k, exp{ kT , (5.4)

where k;)c and kO are constants, z,, is the bond length, A the equilibrium
length, kp is the Boltzmann constant, and T is temperature. ¢ and oy
(transition state) are the spring constants.

Then the force within a bond is simply given by fp = o(x,, — A), and
finally the macroscopic force Fg is equal to the single force times the bond
density N: Fp = N fp [DEb]. Other simple models may use a force Fp
which is attractive and derive from a simple attractive potential [VED].
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Models combining cell viscoelasticity and interactions. There are limited
number of studies devoted to the motion of cells close to a wall. The most
interesting ones are studies by Dembo et al. [DEb], N'Dry et al. [NDa],
Liu et al. [LIa], Jadhav et al. [JAa], Khismatullin et al. [KHa], or Verdier
et al. [VEDb]. The first studies are 2-D analyses of the motion of cells close
to walls using kinetic models described previously. Let us discuss the cases
of the works of Khismatullin et al. [KHa] and Jadhav et al. [JAa] dealing
with 3-D problems.

Khismatullin et al. [KHa| used a nonlinear viscoelastic model for the
cell description. This model is a Giesekus model which is the same as the
one in Eq. (2.14), except that the nonlinear term /-@22 on the left-hand side
has been added. Note that this type of nonlinear equation is useful for
predicting shear transient motions during startup. The originality of the
work is also that a composite cell is considered. Indeed, the cell consists
of a viscoelastic nucleus and a viscoelastic cytoplasm. A kinetic law of
attachment—detachment is used as previously described. Finally, cortical
tensions are imposed at the boundaries. The problem of the motion of a cell
close to a wall (with receptors) is considered in the presence of microvilli.
Deformability of the cell is calculated under physiological conditions (shear
stresses of 0.8 to 4 Pa), as well as inclination angle, flow field, contact times,
and microvilli number of attachments. Typically, cells are deformed quite
a lot and exhibit a very small contact area.

Let us now compare this analysis with a quite different model [JAa],
where viscoelasticity is introduced through the combined effects of a non-
linear elastic membrane with a Newtonian cytoplasm. The same kinet-
ics of bond formation is used but a stochastic process is used to model
receptor—ligand interactions. For example, the probability of bond forma-
tion P = 1—exp(—konAt), where ko, is a formation constant, is introduced
and compared with a random number between 0 and 1. If it is larger, the
bond will form, otherwise not. Differences with the previous model are
obtained. Indeed, the cells are less deformed and exhibit a round shape,
but adhere very strongly and form a much larger contact area, increasing
with decreasing membrane elasticity. This can be understood because the
stronger the membrane, the more spherical the cell, therefore the smaller
number of bonds is formed.

To compare the models, one needs to compute a capillary number C, =
nV/o in the first case [KHa] (7 is the viscosity of the carrying fluid and V' a
typical stream velocity), and Ca = nV/Eh in the second one [JAa], because
the elastic component acting against the flow to stabilize the cell shape is
either the cortical tension o or the elastic 2-D modulus Eh (FE is the elastic
modulus and h the membrane thickness). We find that the case considered
by Khismatullin et al. [KHa] leads to very large capillary numbers, and thus
to large deformations whereas the model of Jadhav et al. [JAa] has capillary
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numbers of order 1, and thus smaller deformations. Still, the flow field plays
a role, as well as the model used and the other parameters. More studies
are still needed to understand such problems better; they might be very
important for understanding cancer cell extravasation, especially because
cancer cells are considered to be less rigid as compared to other cells.

1.5.1.2  Cell Migration

Principle of migration. Cell migration is a complex mechanism, which in-
volves both the adhesive properties but also the rheological properties of the
cell, as depicted in Figure 1.1. Under chemotaxis or haptotaxis, a cell can
polarize and develop a lamellipodium which extends far to the front [CODb)]
in the case of a fibroblast on a rigid surface. Inside the cell, changes in the
local actin concentration can generate changes in the microrheological prop-
erties, allowing the cell to deform and move. Actin filaments can form cross-
links at the front (as in a gel), whereas they become less densely packed (sol)
at the uropod (tail), in order to preserve the total actin concentration. In
order for the cell to move, it requires the generation of traction forces to pull
itself forward. These forces are generated by focal adhesion plaques, such as
integrin clusters. Some cells can migrate very quickly as do the neutrophils
of the immune system (mm/hour) whereas other cells, such as cancer cells,
reach velocities of only a few tenths of wm/hour. There is a complex ma-
chinery involving actin binding proteins (ABP) together with myosin to
form actin units. Other disassembly proteins are also needed to break
actin units. Integrins bind to the cytoskeleton, which is made of parallel
bundles of actin filaments thus creating a reinforced structure that allows
the cell to generate traction forces. Such traction forces can be measured on
deformable substrates in the case of fibroblasts, for example [DEa]. Other
methods also exist based on wrinkle patterns on deformable substrates as
well [BUa] and provide interesting information in the case of keratocytes.

Models of cell migration. In order to migrate efficiently, a cell must de-
velop strong traction forces, but they should not be too large, otherwise
they will be difficult to break at the rear. Indeed there is an optimal velocity
of migration [PAa] depending on the typical bond forces or cell-substrate
affinity. One way to model adhesion is through a distribution of bonds,
as seen previously. This idea comes from observations (RICM) of adhering
cells showing unattached cell parts. The model of Dickinson and Tranquillo
[DIa] assumes such a distribution of receptor-ligand bonds. Adhesion gra-
dients can also be considered that influence cell motility. A stochastic
model is assumed to show how migration is affected by the forces and the
distribution of ligands on the cell. Adhesion receptors undergo rapid bind-
ing, and this results in a time-dependent motion. Mean speed, persistence
time, and random motility coefficients can then be obtained. A bell-shaped
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curve is finally obtained showing a maximum in velocity as a function of
the adhesion concentration factor, as shown experimentally [PAa].

Another approach by DiMilla et al. [DIb] includes cell polarization,
cytoskeleton force generation, and dynamic adhesion to create cell move-
ment. A model for cell viscoelastic properties (1-D) is also included. Similar
effects for the velocity of migration as a function of force are obtained, but
further effects such as force and cell rheology as well as receptor-ligand
dynamics can be added. The maximum in the speed of migration is related
to the balance between cell contractile force and adhesiveness.

Cancer cell migration. Cancer cell migration is different from the previous
cells studied (fibroblasts, leukocytes). Friedl and coworkers [FRa] have
shown that tumor cells develop migrating cell clusters. They also seem to
develop stronger interactions (and pulling forces) and are more polarized
(direction). Most cancer cells are usually bigger and slower than migrating
leukocytes. They are also capable of reorganizing the extracellular matrix
(ECM) easily. Therefore, cancer cell migration is still hard to model and
requires more experimental data.

1.5.2 Tissues

Biological tissues are complex structures subjected to a number of external
stimuli (e.g. mechanical forces, electrical signals, and heat). The structure
of these tissues determines their response to the stimuli. In addition, cells
within the tissues can sense the stimuli and adapt or change the tissue
matrix structure. Biological tissues differ in many ways from typical engi-
neering materials. They are extremely heterogeneous within a single body
and between individuals. They always have hierarchical structures with
many different scales. And they are able to change their structure in re-
sponse to external stimuli.

In this section, a few examples of connective tissue modeling such as
blood and soft tissues under physiological loads are presented.

1.5.2.1 Blood

Blood is a circulating tissue. It is a complex fluid composed of red blood
cells (RBC or erythrocytes), white blood cells (WBC or leukocytes), and
platelets suspended in plasma (an aqueous solution of electrolytes and pro-
teins such as fibrinogen and albumin). Plasma is the extracellular matrix
of blood cells). Blood cells’ volumic concentration (hematocrit) is about
38-45% corresponding to 5.106/mm3 of RBC, 5.10%/mm?® of WBC and
3.10% /mm? of platelets. Plasma behaves as a Newtonian fluid of 1.2 mPa.s
viscosity at 37°C. The whole blood behaves as a non-Newtonian fluid. Its
viscosity varies with the hematocrit, with the temperature, and with the
disease state [CHa).
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When looking at blood flow in large vessels, it can be considered as a
homogeneous fluid. This can be analyzed using a Couette flow viscometer
where the width of the flow channel is much larger than the diameter of
blood cells. Using Couette flow viscometry, Cokelet et al. [COa] found that
blood has a finite yield stress in shear. For a small shear rate (¥ < 10s71)
and for hematocrit less than 40%, their data are approximately described
by Casson’s law [CAal:

\f = \/E"i_ \/7}7'» (5.5)

where 7 is the shear stress,  the shear rate, 75 is the yield stress in shear
(~5.1073 Pa), and 7 is a constant. At high shear rates (about 100s~!),
the whole blood behaves as a Newtonian fluid with a constant viscosity
(4—5 mPa.s). The whole blood flow in a cylindrical tube follows a plug flow
profile [FUa]. This behavior can be explained by the fact that human RBCs
form aggregates (known as rouleaux) which are more important under low
shear rates. When the shear rate tends to zero the whole blood becomes
like a big aggregate with a solidlike behavior (a viscoplastic behavior as
described in Section 2.1). When the shear rate increases, the aggregates
tend to break and the viscosity of blood decreases. For further increase
in shear rate, RBCs become elongated and align with flow streamlines
[GOa] inducing a very low viscosity (3—4 mPa.s) for such a concentrated
suspension.

When looking at blood flow in capillaries, it can be considered as a
nonhomogeneous fluid of at least two phases: blood cells and plasma. In-
deed in capillaries, whose diameter is in the range of blood cell diameter
(4-10 pm), blood cells have to squeeze and arrange themselves in single
file [FUal. Thus, mechanical properties of RBCs play a predominant role
in the microcirculation. These cells are nucleus-free deformable liquid cap-
sules enclosed by a nearly incompressible membrane that exibits elastic
response to shearing and bending deformation. As an application of rhe-
ological measurements to determine RBC mechanical properties, we can
refer to the work of Drochon et al. [DRa]. They measured the rheological
properties of a dilute suspension of RBCs and interpreted their experimen-
tal data based on a microrheological model, proposed by Barthés-Biesel
et al. [BAa]. This model illustrated the effect of interfacial elasticity on
capsule deformation and on the rheology of dilute suspensions for small
deformations. Thus, Drochon et al. determined the average deformability
of a RBC population in terms of the mean value of the membrane shear
elastic modulus.

1.5.2.2  Soft Tissues

Most biological tissues exhibit a time- and history-dependent stress—
strain behavior that is a characteristic property of viscoelastic materials.
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Viscoelastic models for soft tissues can be divided into two groups:
microstructural and rheological models.

Microstructural models are based on mechanical behavior of the consti-
tuents of the tissue. The mechanical response of the components is general-
ized to produce a description of the tissue’s gross mechanical behavior. For
example, Lanir introduced a microstructural model of lung tissue [LAa]. He
considered lung tissue as a cluster of a very large number of closely packed
airsacks (alveoli) of irregular polyhedron shape, bounded by the alveolar
wall membrane. Lanir employed a stochastic approach to tissue structure
in which the predominant structural parameter is the density distribution
function of the membrane’s orientation in space. Based on this model, the
behavior of the alveolar membrane and its liquid interface was related to
general constitutive properties of lung tissue.

Another microstructural 2-D model of lung tissue consisted of a sheet
of randomly aligned fibers of various orientations embedded in a viscous
liquid ground substance [BAb]. The fiber orientations constantly change
due to thermal motion. When the sheet is stretched, the fibers align in the
direction of strain and there is a net transfer of momentum between the
fibers and the ground substance, due to the constant thermal motion of the
fibers. This model also predicts that any stress generated within the tissue
will decay asymptotically to zero as the fibers reorient.

Microstructural models were applied to other tissues. Guilak and Mow
[GUa] modeled the articular cartilage based on a biphasic theory in which
the tissue is treated as a hydrated soft material consisting of two mechani-
cally interacting phases: a porous, permeable, hyperelastic, composite solid
phase composed of collagen, proteoglycans, and chondrocytes; and a vis-
cous fluid phase, which is predominantly water and electrolytes. Both
phases are intrinsically incompressible and diffusive drag forces between
the two phases give rise to the viscoelastic behavior of the tissue. Such
models are well suited to study the connection between the structure and
the mechanical properties (stress, strain, fluid flow, and pressurization).

Tensegrity models have been developed [FUb] based on the ideas of
deformable structures (i.e. civil engineering) made of sticks and strings in
tension or compression. They can be applied to cells [INa, INb] because the
cell cytoskeleton can be depicted as an assembly of rods and springs (various
cytoskeleton filaments). Similar ideas have been developed at a higher scale,
by considering homogenization methods in the case of cardiomyocytes, as-
sumed to form discrete lattices [CAb] of bars linked together. When the
components are elastic, one can recover an elastic constitutive model; also
hyperelasticity can be obtained.

Rheological models describe the gross mechanical behavior of the tissue
in the simplest possible terms. Sanjeevi et al. [SAa] proposed a 1-D
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rheological model of viscoelastic behavior for collagen fibers. The quasi-
linear viscoelastic models (see, for example, Eq. (2.2)) have been useful
to describe various tissues such as the heart muscle [Pla, HUa] and the
cervical spine [MYa]. Bilston et al. [Bla] developed a constitutive model
that accurately reproduces the strain-rate dependence of brain tissue and
its linear stress—strain response in shear.

On the other hand, Dehoff [DEa] described the nonlinear behavior of soft
tissues by adapting a continuum-based formulation previously used to char-
acterize polymers. Phan-Thien et al. [PHa] also used a nonlinear Maxwell
model to predict the behavior of kidney under large-amplitude oscillatory
squeezing flow. They added a nonlinear stress-dependent viscosity in front
of D in Eq. (2.14). Nasseri et al. [NAa] developed a multimode upper-
convected Maxwell (see Section 1.2) model with variable viscosities and
time constants for viscoelastic response, coupled to a hyperelastic response
(see Eq. (2.11)). In their model, the sum of the elastic and the viscoelastic
contributions were modified by a nonlinear damping function to control the
nonlinearity of stress—strain profiles: (1) in the limit of small strain (0.2%),
the damping function reduced to unity and their model reduced to a mul-
timode Maxwell model with shear-rate-dependent viscosities; (2) in high
strain rate loading, this model gave a rubberlike response. Their model
predicted well the rheological properties of the kidney cortex under strain
sweep, small amplitude oscillatory motion (dynamic testing), stress relax-
ation, and constant shear rate (viscometry) tests. They showed that this
tissue was highly shear thinning, and at higher strain amplitudes this phe-
nomenon was more significant. The damping function was strain-dependent
and could be determined to match well various nonlinear features of the
shear tests.

1.6 Conclusions

In this chapter, we have made an attempt to investigate the rheological
properties of biological systems in a nonexhaustive manner. There are at
the moment good methods for characterizing tissues and fluids, and also
cellular elements. Although these techniques are very promising, there is
still a lack of characterizations of tissues or cells, coupled with microscopic
observations, in particular, the ones based on the use of fluorescence.

Some of these experimental procedures have been correlated successfully
with existing models, which have already been developed in the field of
classical rheology. It has also been shown that cell-cell interactions are
very important when modeling cell or tissue behavior.



26 Modeling of Biological Materials

What are still missing today are actual models including the active
response of the tissues or cells, which can in return induce changes to the
cell cytoskeleton or membrane. Some progress has been done recently but
there is a need for taking into account signalization and its effects on the
rheological properties, in other words, understanding mechanotransduction.
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ABSTRACT. The blood vital functions are adaptative and strongly reg-
ulated. The various processes associated with the flowing blood involve
multiple space and time scales. Biochemical and biomechanical aspects of
the human blood circulation are indeed strongly coupled. The functioning
of the heart, the transduction of mechanical stresses applied by the flow-
ing blood on the endothelial and smooth muscle cells of the vessel wall,
gives examples of the links between biochemistry and biomechanics in the
physiology of the cardiovascular system and its regulation. The remodel-
ing of the vessel of any site of the vasculature (blood vessels, heart) when
the blood pressure increases, the angiogenesis, which occurs in tumors or
which shunts a stenosed artery, illustrates pathophysiological processes.
Moreover, focal wall pathologies, with the dysfunction of its biochemical
machinery, such as lumen dilations (aneurisms) or narrowings (stenoses),
are stress-dependent. This review is aimed at emphasizing the multidisci-
plinary aspects of investigations of multiple aspects of the blood flow.
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2.1 Introduction

Biomechanics investigates the cardiovascular system by means of mechani-
cal laws and principles. Biomechanical research related to the blood circu-
lation is involved

1. In the motion of human beings, such as gait (blood supply, venous
return in transiently compressed veins)

2. In organ rheology influenced by blood perfusion

3. In heat and mass transfer, especially in the context of mini-invasive
therapy of tumors

4. Cell and tissue engineering
5. In the design of surgical repair and implantable medical devices

Macroscale biomechanical model of the cardiovascular system have been
carried out with multiple goals:

1. Prediction

2. Development of pedagogical and medical tools

3. Computations of quantities inaccessible to measurements
4. Control

5. Optimization

In addition, macroscale simulations deal with subject-specific geome-
tries, because of a high between-subject variability in anatomy, whatever
the image-based approaches, either numerical and experimental methods,
using stereolithography. The research indeed aims at developing computer-
assisted medical and surgical tools in order to learn, to explore, to plan,
to guide, and to train to perform the tasks during interventional medicine
and mini-invasive surgery. However, this last topic is beyond the goal of
the present review.

More and more studies deal with multiscale modeling in order to appro-
priately take into account the functioning of the blood circulation, from
the molecular level (nanoscopic scale, nm), to the cell organelles asso-
ciated with the biochemical machinery (microscopic scale, pm), to the
whole cell connected to the adjoining cells and the extracellular medium,
subdomain of the investigated tissue (mesoscopic scale, mm), and to the
entire organ (macroscopic scale, cm). The genesis and the propagation
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of the electrochemical wave is the signal that commands the myocardium
contraction, hence the blood propelling by the heart pump. It is char-
acterized by ion motions across specialized membrane carriers. The my-
ocardium contraction itself requires four-times nanomotors, associated with
the actin—myosin binding and detachment. The actin and myosin filaments
are assembled in contractile sarcomeres within the cardiomyocytes. The lat-
ter microscopic elements gather in muscular fibers, acting as a syncytium
in the myocardium. The regulation of the vessel lumen caliber and of the
wall structure is mediated by the blood flow (endothelial mechanotrans-
duction). The endothelium is, indeed, permanently exposed to biochemical
and biomechanical stimuli which are sensed and transduced, leading to re-
sponses that involve various pathways. In particular, the endothelium is
subjected to hemodynamic forces (pressure, friction) that can vary both
in magnitude and in direction during the cardiac cycle. The endothelium
adapts to this mechanical environment using short- and long-term mecha-
nisms. Among the quick reactions, it modulates the vasomotor tone by the
release of vasoactive compounds. The endothelium actively participates
in inflammation and healing. Chronic adaptation leads to wall remodeling
and vascular growth, with the formation of functional collaterals and vessel
regression.

2.2 Anatomy and Physiology Summary

Anatomy deals with the macroscopic scale and biochemistry with the nano-
scopic level. The cardiovascular system is mainly composed of the cardiac
pump and a circulatory network. The heart is made up of a couple of
synchronized pumps in parallel, composed of two chambers. The left heart
propels blood through the systemic circulation and the right heart through
the pulmonary circulation.

The cardiovascular system provides adequate blood input to the dif-
ferent body organs, responding to sudden changes in demand of nutrient
supplies. For a stroke volume of 80 ml and a cardiac frequency of 70 beats
per mn, a blood volume of 5.6 1 is propelled per mn. The travel time
for oxygen delivery between the heart and the peripheral tissues has a
magnitude O(s).

2.2.1 Heart

The heart is located within the mediastinum, usually behind and slightly
to the left of the sternum (possible mirror-image configuration). The base
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of the heart is formed by vessels and atria, and the apex by the ventricles.
The septum separates the left and right hearts. The left ventricle is the
largest chamber and has the thickest wall. The pericardium surrounds the
heart and the roots of the great blood vessels. The pericardium restricts
excessive heart dilation, and thus limits the ventricular filling.

Four valves at the exit of each heart cavity, between the atria and the
ventricules, the atrioventricular valves, and between the ventricules and
the efferent arteries, the ventriculoarterial valves, regulate the blood flow
through the heart and allow bulk unidirectional motion through the closed
vascular circuit. The tricuspid valve, composed of three cusps, regulates
blood flow between the right atrium and ventricle. The pulmonary valve
controls the blood flow from the right ventricle into the pulmonary arteries,
which carry the blood to the lungs to pick up oxygen. The mitral valve,
which consists of two soft thin cups, lets oxygen-rich blood from pulmonary
veins pass from the left atrium to the left ventricle. The aortic valve guards
the exit of the left ventricle. Like the pulmonary valve, it consists of three
semilunar cusps. Immediately downstream from the aortic orifice, the wall
of the aorta root bulges to form the Valsalva sinuses. Papillary muscles
protrude into both ventricular lumina and point toward the atrioventricular
valves. They are connected to chordae tendineae, which are attached to
the leaflets of the respective valve.

The heart is perfused by the right and left coronary arteries, originating
from the aorta just above the aortic valve. These distribution coronary
arteries lie on the outer layer of the heart wall. These superficial arteries
branch into smaller arteries that dive into the wall. The heart is innervated
by both components of the autonomic nervous system. The parasympa-
thetic innervation originates in the cardiac inhibitory center and is con-
veyed to the heart by way of the vagus nerve. The sympathetic innervation
comes from the cardiac accelerating center. Normally, the parasympathetic
innervation represents the dominant neural influence on the heart.

Deoxygenated blood from the head and the upper body and from the
lower limbs and the lower torso is brought to the right atrium by the
superior (SVC) and by the inferior (IVC) venae cavae. When the pul-
monary valves are open, the left ventricle ejects blood into the pulmonary
artery. The pulmonary veins carry oxygen-rich blood from the lungs to
the left atrium. The aorta receives blood ejected from the left ventricle.
The right and left hearts, with their serial chambers, play the role of a lock
between a low-pressure circulation and a high-pressure circuit. The atri-
oventricular and ventriculoarterial couplings set the ventricle for the filling
and pressure adaptation and for the ejection, respectively.

The heart has an average oxygen requirement of 6-8 ml.min~! per 100 g
at rest. Approximately 80% of oxygen consumption is related to its mechan-
ical work (20% for basal metabolism). Myocardial blood flow must provide
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EDV 70-130 ml

ESV 20-50 ml

SEV 60-100 ml

fe 60-80 beats.mn~!, 1 — 1.3Hz
q 4-7 lmn~! (70-120 ml.s™1)
Ejection fraction | 60-80%

Table 2.1. Physiological quantities at rest in healthy subjects. f. decreases
and then increases with aging; SV decreases with aging (¢ ~ 6.5 L.mn~!
at 30 years old and ¢ ~ 4 L. mn~! at 70 years old).

this energy demand. The myocardium also uses different substrates for its
energy production, mostly fatty acid metabolism, which gives nearly 70%
of energy requirements, and glucids.

The cardiac output is the amount of blood that crosses any point in
the circulatory system and pumped by each ventricle per unit of time.
In a healthy person at rest, CO ~ 56 L.mn~!. The cardiac output is
determined by multiplying the stroke volume (blood volume pumped by
the ventricle during one beat) by the heart rate f.. The stroke volume is
the difference between the end-diastolic volume (EDV) and the end-systolic
volume (ESV). Values of physiological quantities at rest in healthy subjects
are given in Table. 2.1. Various factors determine the cardiac output. The
preload is a stretching force exerted on the myocardium at the end of
diastole, imposed by the blood volume. The afterload is the resistance force
to contraction. The cardiac index is calculated as the ratio between the
blood flow rate ¢ and the body surface area (2.8 < CT < 4.2 L.mn~t.m~2).

The stroke volume can be modified by changes in ventricular contrac-
tility (Frank—Starling effect) and in velocity of fiber shortening. Increased
inotropy augments the ventricular pressure time gradient and therefore the
ejection velocity. The left ventricle responds to an increase in arterial pres-
sure by augmenting contractility and hence SV, whereas EDV may return
to its original value (Anrep effect). An increase in heart rate creates a
positive inotropic state (Bowditch or Treppe effect). Most of the signals
that stimulate inotropy induce a rise in Ca™ influx.

The total oxygen consumption is subject- and age-dependent (2-10 ml/
mn/100g). The heart has the highest arteriovenous Og difference. Contrac-
tion accounts for at least ~75% of myocardial oxygen consumption (MVO?2).
The coronary blood flow is equal to ~5% of the cardiac output. When-
ever Oy demand increases, various substances promote coronary vasodi-
latation: adenosine, K, lactate, nitric oxide (NO), and prostaglandins.
Oxygen extraction in the capillary bed is more effective during diastole be-
cause capillaries, which cross the relaxed myocardium, are not collapsed.
During systole, the myocardium contraction hinders the arterial perfusion
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(systolic compression) but more or less improves the venous drainage, such
as the inferior limb venous return that is enhanced by the contraction of
surrounding muscles which compress the valved veins. Activation of sym-
pathetic nerves innervating the coronary arteries causes transient vasocon-
striction mediated by al-adrenoceptors. The brief vasoconstrictor response
is followed by vasodilation due to augmented vasodilator production and
[l-adrenoceptor activation. Parasympathetic stimulation of the heart
induces a slight coronary vasodilation.

In order to fit the body needs, the heart increases its frequency and/or
the ejection volume. The afterload is determined by the arterial resis-
tances, mainly controlled by the sympathetic innervation (the higher the
resistances and the arterial pressure, the smaller the ejected volume). The
preload affects the diastolic filling, and, consequently, the end-diastolic
values of the ventricular volume and pressure. The blood circulation is con-
trolled by a set of regulation mechanisms, which involve the central com-
mand (the nervous system), the peripheral organs via hormone releases,
and the local phenomena (mechanotransduction).

The time scale of the short-term regulation of the circulation is O(s) —
O(mn), whereas for the long-term one, it is O(h) — O(day). The short-term
control includes several reflexes, which involve the following inputs and
outputs: the arterial pressure, the heart rate, the stroke volume, and the
peripheral resistance and compliance. So the autonomic nervous system
can receive complementary information from the circulation and has several
processing routes. Control of the peripheral resistance and compliance is
slower than command of the heart period and the stroke volume. There
are several types of mechanosensitive receptors in the circulation, such as
the baroreceptors.

Delayed mechanisms involve circulating hormones such as catechola-
mines, endothelins (ET), prostaglandins, NO, angiotensin, and others.
Late-adaptive mechanisms are provided by the kidneys, which control the
volemia through the Na* and water reabsorption under action of the renin—
angiotensin—aldosterone system (RAAS). Sympathetic stimulation via 51-
receptors, renal artery hypotension, and decreased Na't delivery to the
distal tubules stimulate the release of renin by the kidney. Renin cleaves
angiotensinogen into angiotensin 1. Angiotensin-converting enzyme acts to
produce angiotensin 2, which constricts arterioles, thereby raising periph-
eral resistance and arterial pressure. It also acts on the adrenal cortex to
release aldosterone, which increases Na™ and water retention by the kid-
neys. Angiotensin 2 stimulates the release of vasopressin (or antidiuretic
hormone ADH) from the posterior pituitary, which also increases water
retention by the kidneys. Angiotensin 2 favors noradrenalin release from
sympathetic nerve endings and inhibits noradrenalin reuptake by nerve
endings, hence enhancing the sympathetic function.
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Figure 2.1. The atrial nat