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Abstract

The flow of blood in the vasculature generates forces that act on vessel walls.
Blood pressure generates circumferential stresses within the walls, while the
endothelial lining of vessels experiences shear stresses as a consequence of
blood’s motion over it. Both types of stress can elicit biological responses from
cells in the walls, including growth and remodeling that are required for the
normal function of the vasculature, and the development of vascular diseases. The
main objective of this review is to summarize the dynamical features of blood
flow as they affect the stresses that act on vessel walls. A second objective is to
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summarize the relationship between these stresses and the resulting structural
responses in normal and disease states.

1.1 Introduction

The human circulatory system includes blood vessels with a total length of about
10" m [1]. They form a network of more than 10° segments with diameters ranging
from a few pm to a few cm. Adequate and efficient distribution of blood flow
throughout the body in accordance with tissue requirements depends on the struc-
tural characteristics of the vascular system and the flow behavior of blood as it
traverses this network.

The structure of the vasculature is not static. The locations of the major arteries
and veins are largely predetermined, but all blood vessels are subject to significant
structural changes during development, in response to changing functional demands
in health, and due to the effects of the disease. It is obvious that the structural
characteristics of the vast number of vessel segments cannot be controlled on an
individual basis by genetic information. Instead, the structure of the vasculature must
emerge as the collective result of vascular growth and remodeling by each segment
in response to the conditions and stimuli that it experiences [2]. These stimuli
include the forces acting on vessel walls resulting from blood pressure and flow,
namely the circumferential wall stress generated by blood pressure and the wall
shear stress generated by blood flow.

In the following sections, the concept of stress in continuum mechanics is
presented, followed by a review of the fluid dynamics of blood flow, with emphasis
on the stresses acting on vessel walls. The effects of these hemodynamic stresses on
vessel wall structures in normal and disease conditions are then discussed.

1.2 Mechanical Stress in Materials

In studies of fluid and solid mechanics, a continuum approach is generally used, in
which relevant properties of the material, such as density and velocity, are consid-
ered as continuous functions in space, without analyzing the positions or motion of
the individual molecules or other particles in the material or the forces acting on
them. To describe the forces acting in a continuum, a mathematical entity known as
the stress tensor is used. Here, the concepts underlying the stress tensor are described
without using mathematical notation. More rigorous expositions are provided in
textbooks [3, 4]. Despite the importance of biological responses to mechanical stress
in the field of mechanobiology, understanding the concept of stress and its expres-
sion as a tensor presents a challenge for many biologists. The following discussion is
intended to help bridge this gap.

As a starting point for defining mechanical stress, the forces acting across a
hypothetical small planar surface lying within a material or on its boundary are
considered. The traction (or stress vector) is defined as the force per unit area acting
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on one side of the surface. More precisely, the traction at a point is defined by
considering such a surface containing the given point and taking the limit of force
divided by area as the area of the surface approaches zero. Being a vector, traction
requires three components to represent its magnitude and direction.

The traction generally depends on the orientation of the surface, represented by
the unit vector normal (i.e., perpendicular) to it. For instance, a material may be
under tension in one direction and under compression in an orthogonal direction. It
can be shown that the dependence of the traction on surface orientation can be fully
defined by specifying the tractions acting on three mutually orthogonal coordinate
surfaces. The combination of these three traction vectors forms a tensor, which can
be expressed as a 3 x 3 matrix of components in any given coordinate system. In this
matrix, the elements on the diagonal are normal stress components, i.e., forces acting
normal to a surface (Fig. 1.l1a). The off-diagonal elements are shear stress
components, i.e., forces acting parallel to a surface (Fig. 1.1a). However, it should
be noted that these definitions depend on the orientation of the coordinates. Normal
stresses in one coordinate system may appear as shear stresses in a rotated system.
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By convention, the outward normal vector to a surface experiencing a traction is
used to represent its orientation. It follows that positive diagonal elements in the
stress tensor represent tensile forces in the material, while negative diagonal
elements represent compressive forces. In the special case of hydrostatic pressure,
the only non-zero elements of the stress tensor are on the diagonal, and all are equal
to —p, where p is the pressure. For any traction acting on a surface with a given
normal vector, the force acting on a surface with the opposite normal vector must be
equal and opposite, since it represents the reaction force according to Newton’s third
law of motion.

The stress tensor discussed here is more precisely called the Cauchy stress tensor.
In this form of the stress tensor, all quantities are referred to coordinates in the
current, possibly deformed, state of the material. For analysis of large-deformation
elasticity, other stress tensors (e.g., Piola-Kirchhoff) are often used [5], in which
quantities are referred to coordinates in an initial undeformed or reference
configuration.

1.3  Conditions for Equilibrium of Mechanical Stress

According to Newton’s second law of motion, the force acting on an object equals
the product of mass and acceleration. To apply this principle in a continuum, the
forces acting on a small volume within the material are considered. For convenience,
a cuboidal region is assumed. If the stress in the material is uniform in space, then
according to the above discussion, equal and opposite forces act on each pair of
parallel surfaces of the cuboid, since their outward normal vectors point in opposite
directions. In this case, the zero net force is generated. In general, therefore, the
resultant forces generated by a stress field within a continuum must depend on the
spatial variations of the stress tensor. The size of the cuboidal region is then
considered to approach zero. In this limit, it is found that the resultant force per
unit volume of the material is proportional to a particular combination of the spatial
derivatives of the stress tensor. If the acceleration of the material is zero or its inertia
is negligible, then this combination of derivatives (specifically, the divergence) must
be zero to satisfy the mechanical equilibrium of the material.

This result has significant implications for the mechanotransduction of shear
stress. Consider a situation in which a multilayer planar structure is subjected to a
uniform shear stress on its upper surface, and is immobilized so that its acceleration
is zero. According to the condition of mechanical equilibrium, the shear stress
(possibly averaged over a surface parallel to the upper surface) must be uniform
through the thickness of the structure (Fig. 1.1b). In a curved geometry, such as a
blood vessel wall, the same result applies to a good approximation if the structure is
thin relative to the vessel radius. This argument can be applied to the endothelial
cells lining blood vessels, with the implication that the same (average) shear stress is
experienced by the luminal surface, the interior cellular structures such as the
cytoskeleton, and the structures connecting the endothelial layer to the basement
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membrane. All of these structures are therefore potential sites for
mechanotransduction of shear stress by endothelial cells.

The conditions of mechanical equilibrium can also be used to calculate the
tension generated in a cylindrical blood vessel wall as a result of the difference
between the internal and external pressures acting on the vessel. In this case, the
analysis can be simplified by considering the total forces acting on a semicircular
part of a vessel segment of length L and diameter D, as shown in Fig. 1.1c. The wall
is considered to be thin relative to the radius, and only forces acting in the vertical
direction are considered. The pressure difference across the wall, Ap = p; — p,,
generates an upward force ApLD, which must be balanced by a downward force of
2LT generated by tension in the walls, where 7 is the tension per unit length of the
vessel. Equating these forces gives

T=rAp (L.1)

which is known as the Law of Laplace for a cylinder, where r = D/2 is the tube
radius. If the wall has thickness h, then the average circumferential stress in the wall
is

r

hAp (1.2)

o =
The ratio r/h is generally larger than 1, and it follows that the dominant stress in
vessel walls is circumferential stress, not the radial stress generated by blood
pressure acting on the walls. Furthermore, r/h varies substantially with vessel type
and size [6], being relative small (as low as about 2) in capillaries, and increasing
with vessel size up to values of about 10 in arteries and about 50 in veins.

Some caution is needed with regard to the interpretation of Eq. (1.2) in the context
of mechanotransduction. Because the circumferential wall stress is a normal compo-
nent of stress acting in the circumferential direction, it can be variable and even
discontinuous with the position in the radial direction (unlike shear stress). The
levels of stress carried by the various components of the vessel wall (endothelial
cells, basement membrane, smooth muscle cells, elastin, and collagen) may vary
widely according to the mechanical stiffness and the degree of stretch (strain) of each
component. Also, if r/h is not large, the thin-wall theory presented above may not be
a good approximation and a more elaborate theory is needed [7]. The components of
the vessel wall that are primarily responsible for responses to changes in intravascu-
lar pressure, particularly vascular smooth muscle, may experience levels of stress
significantly different from the estimated average given by Eq. (1.2).

1.4 Hemodynamics
For the purposes of this review, we define hemodynamics as “the physical study of

flowing blood and of all the solid structures (such as arteries) through which it flows”
[8]. This differs from the medical usage of the term, where it generally refers to
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parameters such as arterial blood pressure and cardiac output in patients. More
detailed discussions of this field are presented in several books [8—12] and articles
[7, 13]. In the following presentation, the dependence of wall shear stress on fluid
mechanical effects is emphasized, in recognition of the fact that shear stress is an
important determinant of vascular remodeling.

1.4.1 Flow in a Cylindrical Tube

The analysis of fluid flow along a cylindrical tube is central to the study of
hemodynamics. A first step in this analysis is the determination of the distribution
of shear stress in the fluid and at the tube wall, which can be obtained readily under
some simplifying assumptions [3, 4]. The tube is assumed to have diameter D and
length L, with pressures p; at the upstream end and p, at the downstream end. The
distribution of flow velocity across the tube is assumed to be uniform along the tube
and also constant in time. Effects of gravity are neglected. We consider a cylindrical
region of fluid with radius » < D/2, centered on the axis of the tube, and define 7 as
the shear stress acting in the upstream direction on the curved surface of this region.
According to the stated assumptions, 7 is uniform over the curved surface. Because
there is no acceleration of the fluid, Newton’s second law of motion implies that the
sum of the forces acting on the cylinder is zero, i.e.,

ar’p, — ar*py — 2arlt =0 (1.3)

where each of the stresses, py, po, and 7, is multiplied by the area of the surface on
which it acts. Therefore

_rap

T="57 (1.4)

where Ap = p| — pg is the driving pressure. This result shows that the shear stress in
the fluid varies in proportion to the distance from the tube axis and that the shear
stress acting on the tube wall is

DA
Ty = 4—Lp (1 5)
It is noteworthy that these results do not depend on any assumption about the viscous
properties of the fluid.
For the further analysis of flow in tubes, we assume that the fluid is Newtonian,
meaning that the shear stress is proportional to the gradient of fluid velocity:

du

My (1.6)

T =
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where p is a constant, the fluid viscosity, and u(r) describes the variation of fluid
velocity with the radial position. (The minus sign appears here because r was defined
with respect to the direction opposite to the flow.) From Egs. (1.4) and (1.6), it can be
shown that

i.e., the profile of velocity across the tube has the form of a parabola. Flow in a tube
with this velocity profile is known as Poiseuille flow. This solution satisfies the “no-
slip” condition for a viscous fluid, which states that the velocity of the fluid adjacent
to a solid boundary must match the velocity of the boundary, i.e., u(D/2) = 0 in this
case. Integration of the velocity over the vessel cross section leads to the equation
generally known as Poiseuille’s law or the Hagen—Poiseuille equation:

z ApD*
Q=135 7
128 Lu

(1.8)

where Q is the volume flow rate along the tube.

The fourth power dependence of flow rate on diameter, for a given fluid viscosity
and for fixed tube length and pressure drop along the tube, was established experi-
mentally in the nineteenth century by J.L.M. Poiseuille [14]. Equation (1.8) was
obtained subsequently by theoretical analysis [15].

The derivation of Poiseuille’s law depends on a number of assumptions that are
generally not satisfied in the vascular system, and its applicability in any given
situation has to be carefully evaluated. Even so, it provides a starting point for more
detailed analyses and has important physiological implications. In particular, the
proportional dependence of Q on D* implies that the blood flow rate is very sensitive
to changes in vessel diameters. Therefore, blood flow rates can be modulated over a
wide range by moderate changes in vessel diameter, and controlled distribution of
blood flow according to local tissue needs can be achieved only with relatively
precise control of vessel diameters.

Combining Eqgs. (1.5) and (1.8) yields the following result:

32 pQ
Twiyﬁ (1.9)

This relationship is significant with regard to understanding how vascular responses
to wall shear stress influence network structure, as discussed below.

1.4.2 Bulk Viscosity of Blood

Blood is a complex fluid, consisting of a suspension of cells in plasma. The
mechanical properties of blood are strongly affected by the presence of a high
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volume fraction (hematocrit) of red blood cells (erythrocytes), typically in the range
of 40-45% for healthy individuals [16].

The bulk viscosity of blood can be measured by placing a sample in a viscometer
where it is subjected to a shear flow with a controlled shear rate, defined as y =
du/dz, where u is the fluid velocity and z is a coordinate perpendicular to the flow
direction. The shear stress = on a surface bounding the flow is measured, and the
viscosity is computed as y = /7. The viscosity of blood is found to increase as a
function of hematocrit [17], as would be expected since the presence of suspended
particles tends to oppose the variations of flow velocity within the fluid. Also, blood
exhibits shear-thinning behavior and viscosity increases substantially when the shear
rate is decreased to low levels [17]. This behavior can be understood as the result of
two main effects [16]. Firstly, red blood cells are highly deformable, and this
deformation allows them to accommodate to the flow and reduce their contribution
to the suspension viscosity. However, this effect is reduced at very low shear rates,
because the cells are deformed less at the resulting low levels of shear stress.
Secondly, red blood cells of many species, including humans, aggregate at low
shear rates, forming larger structures called rouleaux which interfere more strongly
with the flow. With increasing shear rates, aggregates are broken up and the viscosity
decreases. It is important to note that this dependence on shear rate occurs mainly at
shear rates below about 100 s™' [17], whereas shear rates in normally flowing
vessels are generally above this range and viscosity shows only slight variations
with shear rate. For many purposes, e.g., when analyzing blood flow in arteries, the
dependence of viscosity on shear rate can be neglected and blood can be treated as a
Newtonian fluid as defined above.

1.4.3 Viscosity of Blood in Microvessels

The preceding discussion is based on the assumption that blood can be represented
as a continuum, in the sense that viscosity is considered as an average property over a
region containing a large number of red blood cells. This approximation is valid for
vessels with diameters of about 300 pm or more. However, in vessels with smaller
diameters, the effects of the particulate nature of blood become significant. In
particular, red blood cells show a tendency to migrate away from vessel walls, as a
result of fluid mechanical interactions between the deformable cells and the imposed
flow in the vessel. This phenomenon, which does not involve active motion by the
cells, results in the formation of a cell-free or cell-depleted layer near the vessel
walls, which causes a significant reduction of resistance to flow relative to what
would be expected based on the bulk viscosity of blood [18].

A convenient method to quantify this effect is to define the apparent viscosity,
from Eq. (1.8):
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4

oo = o5 - (1.10)
where Ap and Q are now measured quantities. Based on an analysis of multiple
experimental studies of blood flow in glass tubes, Pries et al. [19] obtained an
empirical formula for the dependence of apparent viscosity of blood in vitro on
tube diameter and hematocrit, for tube diameters from 3.3 pm up to 2 mm and
hematocrits up to 90%. These results show a strong Fahraecus—Lindqvist effect [20]:
apparent viscosity decreases with decreasing diameter down to a minimum at about
7 pm. For hematocrit 45%, the bulk viscosity is 3.2u,, where p,, is the viscosity of
plasma, whereas the apparent viscosity in a 7-pum tube is 1.25u,,.

Observations of blood flow in microvessel networks of the rat mesentery were,
however, found to be inconsistent with model predictions based on the above in vitro
estimates of blood viscosity [21]. Based on such observations, a different empirical
formula was developed to describe the apparent viscosity of blood in microvessels
in vivo, as a function of tube diameter and hematocrit [22]. According to this
formula, the apparent viscosity in large vessels matches the in vitro result, but the
apparent viscosity is substantially higher than the in vitro estimate in smaller vessels.
For example, the estimated apparent viscosity in a 7-um capillary at hematocrit 45%
is about 8.4u,, almost seven times higher than would be expected based on data from
glass tubes.

The shear stress acting on the walls of microvessels can be estimated from the
flow rate Q according to Eq. (1.9), setting the viscosity u equal to fi,p,. Therefore, the
finding of relatively high values of apparent viscosity in microvessels implies that
the estimates of wall shear stress in microvessels based on observations of blood
flow rate or blood flow velocity are significantly higher than would be obtained if the
calculation was based on values of apparent blood viscosity obtained in vitro.

Several potential causes for the high apparent viscosity of blood in microvessels
relative to values in glass tubes were identified by Pries et al. [21]. Subsequent
studies showed that the main cause for the higher apparent viscosities in vivo is the
presence of a layer of macromolecules on the inner wall of blood vessels, termed the
endothelial surface layer (ESL) or glycocalyx [23]. This gel-like layer has a very low
volume fraction of membrane-bound molecules, but the resistance to fluid motion
through the layer is sufficient to reduce the flow velocity of plasma to a much lower
value than the velocity in the lumen, outside the ESL.

An important implication of this finding is that the endothelial cell membrane
does not experience a significant level of fluid shear stress due to plasma flow over
its surface. Instead, shear stress is transmitted to the endothelial cells via the
attachment points of the macromolecules that anchor the ESL, including syndecans
and glypicans [23, 24]. Being transmembrane proteins, these molecules may in turn
transmit the shear stress to the internal cytoskeleton, consistent with an important
role for the cytoskeleton in mechanotransduction of shear stress [25, 26].
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1.4.4 The Reynolds Number

The flow of fluids is governed by Newton’s laws of motion, such that the accelera-
tion of any small part of the fluid, multiplied by its density, is equal to the net force
per unit volume acting on it. When the velocity field is viewed in a fixed frame of
reference, the fluid acceleration includes a component, known as the advective
acceleration, given by a product of the fluid velocity and a spatial gradient of
velocity. This represents, for instance, the acceleration experienced by a fluid
moving from a region of low velocity to a region of higher velocity, as in a nozzle.
The forces acting on the fluid include body forces (i.e., gravity), forces due to
gradients in pressure, and forces due to viscosity.

In the study of fluid mechanics, dimensionless parameters are defined that
provide indications about the characteristics of the flow under consideration. The
most important of these is the Reynolds number [11], defined as the ratio of the
inertial effect to the viscous effect. Here, the inertial effect is estimated as the density
multiplied by the advective acceleration, while the viscous effect is estimated as the
viscous force per unit volume. Suppose that U is a typical fluid velocity and L is a
typical length over which the velocity varies. According to the above information,
the inertial effect has a typical magnitude pU?/L, where p is the fluid density. From
Eq. (1.6), the shear stress has typical magnitude uU/L, and the resultant force per
volume, which depends on the spatial gradient of stress, has typical magnitude pU/
L?. The Reynolds number (Re) is then defined as the ratio

. pU?/L _ pUL
wuj/L>  p

(1.11)

For flow in tubes, the most relevant spatial dimension is the diameter and the
Reynolds number is defined as Re = pUD/u.

1.4.5 Flow at Low Reynolds Number

Values of the Reynolds number vary widely in the circulatory system, from values
below 1072 in the capillaries to values above 10° in major arteries. At very low
Reynolds numbers, the effects of fluid inertia on the flow are negligible and the flow
is dominated by effects of viscosity. This regime is known as Stokes flow. The
governing equations of fluid flow are then linear in velocity and pressure, allowing
the use of a range of classical mathematical techniques to analyze problems of
Stokes flow [27]. Because effects of inertia are negligible, the flow readily adjusts
to changes in direction, and vessel curvature or tortuosity does not result in substan-
tial changes in the magnitude of flow or the distribution of wall shear stress. When
the pressure gradient driving the flow varies in time, the flow rate varies approxi-
mately in proportion to the instantaneous pressure gradient. Irregularities such as
bifurcations or changes in vessel diameter produce local perturbations to velocity
distributions, which quickly recover their previous characteristics once the
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irregularity is passed. The velocity profile of fluid entering a vessel approaches its
final form within a short distance. For a Newtonian fluid, this profile is the charac-
teristic parabolic profile of Poiseuille flow. In these respects, fluid flow at low
Reynolds number is somewhat simpler than flow at high Reynolds number, as
discussed below.

However, when the flow of blood is considered, additional complexity arises
because blood is a concentrated suspension of cells, whose dimensions are compa-
rable to microvessel diameters. As mentioned earlier, red blood cells show a
tendency to migrate away from microvessel walls. The fluid mechanical mechanisms
underlying this behavior depend on the deformability of the cells and on the fluid
dynamical interactions of cells with the walls and are only partially understood
[18,28-33]. The distribution of red blood cells across the vessel cross-section affects
the distribution of hematocrit in each branch when the flow reaches a diverging
microvascular bifurcation [34], and the theoretical understanding of this phenome-
non is a challenging problem in the low Reynolds number flow [35-37].

1.4.6 Flow at High Reynolds Number

When the Reynolds number is high, in the range of hundreds or thousands, the flow
exhibits very different behavior to that at a low Reynolds number. The phenomena
discussed in this section have been considered in more detail in several books [9, 12,
38]. At high Reynolds number, effects of fluid inertia have dominant effects on the
fluid motion in most of the flow domain. Even so, viscosity has important effects as a
consequence of the no-slip condition, as defined above. This condition is often
satisfied through the appearance of a narrow region adjacent to a solid surface in
which velocity changes rapidly with the position, known as a boundary layer. A
region of rapidly changing velocity can also appear in the interior of the flow, in
which case it is referred to as a “shear layer.”

An example of a boundary layer is provided by the flow of an (initially quiescent)
fluid entering a uniform cylindrical tube (Fig. 1.2a) at high Reynolds number. In the
entrance region of the tube, the fluid has a uniform distribution of velocity, except for
narrow boundary layers at the tube walls where the velocity drops to zero to satisfy
the no-slip condition. This results in a relatively high wall shear stress in this region.
As the fluid progresses downstream, this layer gradually thickens until eventually the
velocity profile approaches the parabolic shape discussed above. The distance to
achieve an almost parabolic profile, known as the “entrance length,” is proportional
to the Reynolds number. Beyond this point, the flow is considered to be fully
developed. For the aorta and major arteries, the entrance length is typically compa-
rable to or longer than the actual length of the artery, and so fully developed flow is
never achieved, and the distribution of wall shear stress differs significantly from the
estimate based on Poiseuille flow.

The flow of blood through a region of local narrowing of a blood vessel, i.e., a
stenosis, provides further examples of phenomena occurring in high-Reynolds flow
(Fig. 1.2b). At the stenosis itself, the blood flow velocity must increase as a
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Fig. 1.2 Schematic
illustration of phenomena
associated with laminar flow
in blood vessels at high
Reynolds numbers. (a)
Entrance effects. When steady
laminar flow with an initially
flat velocity profile enters a
tube, a boundary layer is
formed in which the flow
velocity is progressively
retarded. This layer thickens
with distance downstream,
and eventually the velocity
profile approaches the
parabolic form of Poiseuille
flow. (b) Flow past a stenosis
(narrowing) in a vessel,
exhibiting flow separation.
The region between the
separating streamline and the
wall is shaded and typically
exhibits slow recirculating
blood flow. Wall shear
stresses are increased in some
regions and reduced in others,
relative to the shear stress in
the upstream region. (c¢) Flow
through a diverging arterial
bifurcation. As in (b), the
shaded region represents flow
separation. Wall shear stress is
increased in some regions and
decreased in others
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consequence of the reduced cross-sectional area of the vessel lumen in the stenosis.
The flow exiting the narrow region tends to continue moving parallel to the vessel
axis, rather than following the profile of the wall. This sets up a phenomenon known
as flow separation, in which fluid streamlines (paths aligned with the flow direction)
that are adjacent to the wall in the stenosis separate from the wall, typically
reattaching to the wall at some distance downstream, as shown in Fig. 1.2b. In the
region between the separating streamline and the wall, shown in gray in Fig. 1.2b, a
region of recirculating flow is set up, in which the flow velocities are generally much
lower than elsewhere in the vessel.
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A similar phenomenon can occur in a diverging arterial bifurcation. In this case,
the widening of the parent vessel at the entrance to the bifurcation sets up fluid
mechanical conditions analogous to those immediately downstream of a stenosis.
The wall shear stress is reduced in the region of widening, and flow separation may
occur, leading to the reversal of the wall shear stress in the region of recirculating
flow (Fig. 1.2¢).

When fluid flows through a curved vessel, the fastest moving fluid, which is near
the centerline in a straight tube, is displaced toward the wall at the outside of the
curve, and the shear stress is increased there and decreased on the wall at the inside
of the curve [9].

Flows at high Reynolds number may be subject to instability, i.e., spontaneous
development of time-dependent fluctuations in the flow field. The conditions for
instability depend both on the Reynolds number and on the characteristics of the
flow. Poiseuille flow, with a parabolic flow profile, is stable up to Reynolds numbers
of about 2300 [9]. However, the flow profiles occurring downstream of a stenosis or
in the entrance to a bifurcation (Fig. 1.2b, c), which include one or more inflection
points, can lead to flow instability at much lower Reynolds numbers, in the range of a
few hundred. One result of flow instability is the generation of audible sounds,
known as “bruits” when they occur in arteries. The flow in such cases is often
referred to in medical literature as “turbulent.” In the fluid mechanics literature,
however, turbulence has a stricter definition, including the presence of highly
random flow perturbations on a range of length scales. Unstable blood flow at
Reynolds numbers in the hundreds is more properly described as “disturbed flow,”
with the possibility of true turbulence occurring at higher Reynolds numbers
[38]. The term “laminar flow” is used to describe flow that is not turbulent and can
include flows that exhibit instability and disturbances.

The pulsatile nature of blood flow in arteries introduces additional fluid mechani-
cal phenomena that influence the stresses experienced by vessel walls, particularly in
arteries. Arterial flow has an oscillatory component superimposed on the mean flow
rate. The fluctuating flow can cause reversal of the direction of the wall shear stress
during part of the cardiac cycle. Flow instabilities may appear and disappear during
each cycle, depending on the Reynolds number and the frequency of the cardiac
pulsation [12].

In summary, the shear stresses generated by blood flow in the arteries depend in a
complex manner on the geometry of the vessels and the characteristics of the flows
through them. In general, straight unbranched segments experience a relatively high
unidirectional shear stress, with the possibility of reversal during part of the cardiac
cycle. However, variations in vessel width, caused, for instance, by stenosis or by
bifurcations, can result in regions of low shear stress, with reversals of stress
direction associated with flow separation, and fluctuations in stress resulting from
flow instability.
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1.5 Functional Demands on the Vasculature

The primary function of the circulatory system is the transport of substances from
one part of the body to another. This transport is accomplished mainly by two
physical processes, convection, and diffusion. Convection refers to the transport of
materials carried by the motion of flowing blood, and diffusion refers to random
thermal motion of individual molecules which generates net fluxes down gradients
of solute concentrations or, more precisely, down gradients of the solutes’ thermo-
dynamic potentials. At the cellular level, active transport across cell membranes is
also required for many solutes.

Transport of oxygen is a critical function of the circulation. Being a non-polar
molecule, it has relatively low solubility in water and in tissue. Its transport from the
atmosphere to mitochondria occurs by purely passive mechanisms down gradients in
oxygen partial pressure [39]. The necessity for adequate transport of oxygen and
other substances places stringent demands on the structure of the circulatory system.
As a result of the low concentration of oxygen in tissue, oxygen transport by
diffusion is effective only over very short distances, about 100 pm or less in most
oxygen-consuming tissue. Therefore, it must be delivered by convective transport
within such a distance of all cells that require oxygen. This requires a dense network
of tiny vessels throughout the tissue. On the other hand, viscous resistance to blood
flow is very high in vessels with very small diameters. For mechanical efficiency, the
vascular system must include hierarchical branching structures feeding the
microvessels, such that convective transport over larger distances can be achieved
by vessels with larger diameters and lower resistance to flow. In effect, the vascular
system must solve a complex patterning problem, generating a structure in which a
dense meshwork of capillaries is combined with a hierarchical structure of arteries,
arterioles, venules, and veins of varying lengths and diameters so that all parts of the
tissues are adequately supplied with blood flow [40]. A central challenge in vascular
biology is to understand the mechanisms that control the structure of the vasculature
in health and disease.

The need to satisfy the metabolic requirements of the tissue suggests that hypoxia
is a stimulus for vessel growth and remodeling. The stimulation of angiogenesis
(growth of new vessels) mediated by hypoxia-inducible factor 1o (HIFla) and
vascular endothelial growth factor (VEGF) is well established [41]. However,
local growth of new vessels in a hypoxic region can have only limited effectiveness
in overcoming hypoxia unless it is accompanied by enlargement of the
corresponding feeding and draining vessels to allow increased perfusion. This
implies the need for mechanisms to coordinate structural adaptation along flow
pathways, beyond the region experiencing hypoxia. Structural responses to changes
in wall shear stress generated by flowing blood provide such a mechanism, as
discussed below. Moreover, the vessel walls must be able to support the forces
generated by blood pressure. The dominant stress in the wall is circumferential
tension, and the wall must be able to respond to increases in this tension, typically
by increasing wall thickness. Evidently, vascular remodeling must involve responses
to several different stimuli, including mechanical forces generated by blood flow.
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1.6  Role of Hemodynamic Signals in Vascular Remodeling

Evidence for the influence of wall shear stress on vessel diameters can be deduced
from a consideration of the relationship between diameter and blood flow rate in the
circulation. In the arterial tree, including arteries and capillaries, it has been observed
experimentally that flow rate scales approximately as the cube of diameter across a
wide range of scales [42, 43]. This scaling is consistent with the optimality theory
known as Murray’s law [44], which is based on the assumption that vessel diameters
are adjusted to minimize a cost function consisting of a linear combination of viscous
energy dissipation and blood volume. A potential mechanism by which such a
scaling could be achieved is suggested by Eq. (1.9), which states that the wall
shear stress is proportional to the ratio of blood flow rate to the cube of diameter
(neglecting variations in blood viscosity). If it is assumed that a set point of wall
shear stress exists, such that shear stresses above this level stimulate diameter
enlargement, and vice versa, then a vessel with a given flow rate will adjust its
diameter so as to conform to the cubic dependence of flow on diameter
[42, 45]. Indeed, direct experimental evidence supports such a response to changes
in wall shear stress [46].

However, some limitations to this theory are apparent. Firstly, veins are consis-
tently larger in diameter than paired arteries carrying the same blood flow rate [42],
and levels of wall shear stress are correspondingly lower in veins than in arteries.
This implies that other factors besides wall shear stress must affect diameters.
Detailed analyses of hemodynamics in microvascular networks of the rat mesentery
showed a trend of decreasing wall shear stress with decreasing intravascular blood
pressure, which was consistent across arterioles, capillaries, and venules [47]. Such
behavior can be accounted for by assuming that intravascular pressure, or more
precisely the circumferential stress generated by that pressure, also acts as stimulus
for structural remodeling [47, 48]. According to this theory, an increase in intravas-
cular pressure causes inward remodeling with the thickening of the vessel wall. This
is consistent with observations of decreased internal diameters of small arteries in
hypertension [49].

A second limitation of the theory of diameter adaptation based on shear stress
alone becomes apparent when the behavior of vascular networks is simulated
[50, 51]. If a flow is divided between two segments connected in parallel, both
segments experience the same pressure drop. According to Eq. (1.5), the shear stress
in each is proportional to its diameter. Suppose that an initial condition is imposed in
which both segments have the same wall shear stress. A small enlargement of one
segment would result in an increase in its wall shear stress, in turn stimulating further
enlargement, while the other segment would shrink. In other words, such an initial
configuration would be unstable.

These considerations imply that other factors in addition to wall shear stress and
intravascular pressure must influence the control of vessel luminal diameters through
structural remodeling. Pries et al. [52, 53] developed theoretical models for structural
adaptation that include a metabolic growth stimulus: if low flow in a given vessel
segment leads to reduced oxygen levels, then this stimulates diameter enlargement,
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presumably through increased expression of growth factors. Also, these models
include effects of convected and conducted responses, such local hypoxia in a
given segment generates a growth stimulus in the vessels in the flow pathway
upstream and downstream of the given segment. Here, convected responses refer
to effects of metabolic signal substances carried downstream from hypoxic regions
and simulating growth of downstream vessels [54], and conducted responses refer to
signals propagated upstream along the walls of blood vessels by endothelial and
smooth muscle cells, which communicate via gap junctions [55, 56]. It was shown
that such a model can predict stable network structures with hemodynamic
properties consistent with corresponding in vivo observations.

In summary, vascular responses to wall shear stress play an essential role in
generating the hierarchical structure of vascular networks, in which the decreases in
flow rate in successive branches of the arterial and venular trees are accompanied by
corresponding decreases in vessel diameter. Responses to circumferential wall
tension generated by intravascular pressure have the effect not only of controlling
the thickness of vessel walls but also of generating the asymmetry between the
arterial and venular trees, in which venous vessels are systematically larger than
corresponding arterial vessels, with lower levels of wall shear stress. These
responses, working in concert with responses to metabolites and growth factors,
and with upstream and downstream propagated responses, provide a sufficient set of
mechanisms to account for the observed structures of vascular networks.

1.7  Conclusions and Translational Perspectives

According to Poiseuille’s law, the flows in blood vessels are sensitively dependent
on the vessel diameters. At the same time, the structure of the vessels, and in
particular their diameters, are capable of continuous adjustment in response to a
number of stimuli, including the forces generated by blood flow. These interacting
processes are largely responsible for establishing and maintaining the geometric
structure of the healthy vasculature so that it can meet the body’s requirements.
Interactions between hemodynamics and structure also contribute to the develop-
ment of vascular diseases.

Table 1.1 lists hemodynamic forces acting on vessel walls and some normal and
pathological behaviors that are influenced by these forces. The primary structural
response of blood vessels to elevated circumferential wall stress is the thickening of
the vessel wall, which tends to reduce this stress, according to Eq. (1.2). This
response underlies the adaptation of veins used for coronary bypass grafts to arterial
blood pressure [57]. It should be noted that circumferential wall stress does not
approach a unique set point independent of vessel size; instead, average circumfer-
ential stress levels increase with vessel diameter [58]. A second structural response
to increased circumferential stress is the reduction of the vessel lumen (inward
remodeling). This response may play a role in the development of hypertension
[6, 59]. If peripheral resistance is initially increased for some reason, this stimulates
an increase in blood pressure in order to maintain flow. The inward modeling of
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Table 1.1 Hemodynamic forces acting on vessel walls and biological effects

Role in normal vascular Role in disease processes/
Hemodynamic property remodeling responses
Blood pressure, causing Matching of wall Adaptation of vein grafts to
circumferential wall stress thickness to pressure arterial pressure
Elevated blood pressure Increased peripheral
resistance in hypertension
Wall shear stress Matching of vessel Enlargement of collateral
diameter to flow rate vessels
Elevated wall shear stress Initiation of cerebral
aneurysms
Low/fluctuating wall shear stress Initiation of atherosclerotic
lesions

arterial vessels in response to this increased pressure has the effect of further
increasing peripheral resistance, in a positive feedback loop.

With increased wall shear stress, the primary structural response is increased
luminal diameter. This has the important effect of matching vessel diameters to flow
rates. When arteries or arterioles become blocked, if collateral flow pathways are
available, these vessels may become enlarged and take over the supply of the
affected region [60]. This depends on the response to increased shear stress in the
collateral vessels. Hemodynamic effects have long been thought to influence the
development of atherosclerosis [61]. Normal to high levels of wall shear stress with
consistent flow directions promote a stable phenotype in endothelial cells, which
inhibits the development of atherosclerosis [62]. However, low and fluctuating
levels of shear stress tend to destabilize endothelial cells, and atherosclerosis typi-
cally appears initially at regions with such flow conditions, as for example, around
arterial bifurcations. It has also been proposed that the complex distributions of
pressure-induced wall stresses in such regions may also cause vulnerability to
atherosclerosis [63—65], although this hypothesis has not received wide acceptance.
Elevated levels of wall shear stress are considered to be a factor leading to the
initiation of cerebral aneurysms [66].

In summary, biological responses to stresses acting on vessel walls generated by
blood flow are important for the growth and maintenance of functionally adequate
and efficient vasculature, and also for the development of diseases of blood vessels.
Progress in this area of mechanobiology requires the integration of knowledge of
hemodynamics, vessel wall mechanics, mechanotransduction, and growth and
remodeling of vessel walls, on scales ranging from molecular and cellular to
whole-organ and systemic. Improved understanding of the mechanisms governing
vascular structure has the potential to lead to new strategies for preventing or treating
diseases of the vasculature.
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