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Abstract

It has been well established that wall shear stress is an
important determinant of endothelial cell function and
gene expression as well as of its structure. There is in-
creasing evidence that low wall shear stress, as pres-
ent in artery bifurcations opposite to the flow divider
where atherosclerotic lesions preferentially originate,
expresses an atherogenic endothelial gene profile. Be-
sides, wall shear stress regulates arterial diameter by
modifying the release of vasoactive mediators by endo-
thelial cells. Most of the studies on the influence of wall
shear stress on endothelial cell function and structure
have been performed in vitro, generally exposing endo-
thelial cells from different vascular regions to an av-
erage wall shear stress level calculated according to
Poiseuille’s law, which does not hold for the in vivo sit-

uation, assuming wall shear stress to be constant along
the arterial tree. Also in vivo wall shear stress has been
determined based upon theory, assuming the velocity
profile in arteries to be parabolic, which is generally not
the case. Wall shear stress has been calculated, because
of the lack of techniques to assess wall shear stress in
vivo. In recent years, techniques have been developed
to accurately assess velocity profiles in arterioles, using
fluorescently labeled particles as flow tracers, and non-
invasively in large arteries by means of ultrasound or
magnetic resonance imaging. Wall shear rate is derived
from the in vivo recorded velocity profiles and wall
shear stress is estimated as the product of wall shear
rate and plasma viscosity in arterioles and whole blood
viscosity in large arteries. In this review, we will discuss
wall shear stress in vivo, paying attention to its assess-
ment and especially to the results obtained in both ar-
terioles and large arteries. The limitations of the meth-
ods currently in use are discussed as well. The data
obtained in the arterial system in vivo are compared
with the theoretically predicted ones, and the conse-
quences of values deviating from theory for in vitro
studies are considered. Applications of wall shear stress
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as in flow-mediated arterial dilation, clinically in use
to assess endothelial cell (dys)function, are also ad-
dressed. This review starts with some background con-
siderations and some theoretical aspects.

Copyright © 2006 S. Karger AG, Basel

Background Considerations

During left ventricular ejection, the forces generated
by the heart expel blood into the arterial system, result-
ing in the exertion of hemodynamic forces on the artery
wall. The endothelial cells, lining the artery wall on the
luminal side, sense a pressure pulse, i.e. the difference
between diastolic and systolic blood pressure, and a tan-
gential stress exerted by the flowing blood. The pressure
pulse induces distension of the artery wall, resulting in
mainly radial and circumferential wall strain, i.e. the sys-
tolic increase in diameter and cross-sectional area rela-
tive to the end-diastolic level, respectively. The tangen-
tial stress is known as wall shear stress. It can be esti-
mated as the product of wall shear rate and blood
viscosity, wall shear rate being defined as the radial de-
rivative of blood flow velocity at the wall. It has been well
established that, in addition to biochemical mediators,
these biomechanical forces are important determinants
of endothelial cell function. For example, wall shear
stress regulates arterial diameter by modifying the pro-
duction of vasoactive mediators by endothelial cells [1,
2], while both wall shear stress and circumferential strain
are determinants of endothelial gene expression [3]. As
assessed in vitro, endothelial genes upregulated by shear
stress include transcription factors, growth factors, adhe-
sion molecules and enzymes; they can be transiently or
more permanently upregulated [4]. It is of interest to note
that enhanced shear stress upregulates intercellular adhe-
sion molecule-1 (ICAM-1) [5, 6], but that the effect on
vascular cell adhesion molecule-1 (VCAM-1) is depen-
dent on the type of shear stress applied. Upregulation of
VCAM-1 is observed when the cells are exposed to steady
shear stress [7], but downregulation when they are ex-
posed to oscillatory shear stress [6]. Also the redox state
of endothelial cells was found to be dependent on the type
of shear stress applied [8]. Walpola et al. [9] showed that
in vivo the effect of shear stress on the expression of
ICAM-1 and VCAM-1 is shear level dependent. In their
experiments, low shear stress enhanced VCAM-1 expres-
sion substantially and suppressed ICAM-1 expression,
while high shear stress enhanced ICAM-1 expression
substantially and VCAM-1 expression only mildly. Shear
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stress downregulates endothelin-1, a vasoactive molecule
[10], and thrombomodulin [11]; the latter downregula-
tion being completely reversible [11]. These findings in-
dicate that endothelial cells can discriminate between
subtle variations in loading conditions which may in-
clude differences in temporal and spatial gradients of
shear stress [12].

Atherosclerotic lesions preferentially originate in areas
of disturbed flow associated with low shear stress [13-15].
Recently, it has been shown that genes are differently ex-
pressed in areas of undisturbed and in areas of disturbed
flow [16]. In vitro, shear stress levels of 1.0 [17] to 1.5 Pa
[18] induce atheroprotective endothelial gene expression
profiles, while a shear stress level of 0.4 Pa stimulates the
expression of an atherogenic phenotype [18]. Despite the
increasing evidence that fluid dynamical forces play a role
in the expression of endothelial genes that are likely in-
volved in atherogenesis, further investigations are needed
to rate these findings at their true value. More insight into
the level and the type of shear stress responsible for the
expression of a specific gene pattern is particularly re-
quired.

Biomechanical forces not only affect endothelial cell
function, but also its structure. Endothelial cells tend to
align with wall shear stress: the higher the wall shear
stress, the more elongated the cells [19-21]. These
changes are associated with redistribution and rearrange-
ment of intracellular stress fibers [20] and with their num-
ber [22]. One has to realize, however, that the shape
change may depend on the type of shear stress applied.
Under oscillatory shear stress, bovine aortic endothelial
cells maintain their polygonal shape as in static culture,
while the cells do not exhibit actin stress fibers [19].

The interaction between biomechanical forces and en-
dothelial cell function, called mechanotransduction, is an
intriguing mechanism and has been the subject of inves-
tigation in the past decade [23-28]. In mechanotransduc-
tion, the mechanical forces acting on the luminal side of
the endothelial cells, thereby deforming these cells, are
transmitted through the cytoskeleton to other sites in the
cell [29]. These forces are especially sensed at the basal
adhesion points, where the endothelial cell is attached to
the extracellular matrix, cell junctions and the nuclear
membrane, leading to redistribution of forces throughout
endothelial cells [24] and to acute and more delayed pro-
cesses in these cells [23, 24]. In the cellular membrane,
that may respond to the induced deformation directly,
shear stress activates stretch-sensitive ion channels, phos-
pholipids and integrins, for example [23, 24]. The biome-
chanical forces transferred to the nuclei can be sensed by
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the stretch-sensitive sequences in the promoter of a vari-
ety of genes, which include the A and B chain of platelet-
derived growth factor, tissue plasminogen activator,
transforming growth factor-f3, endothelin-1, an endothe-
lial isoform of nitric oxide synthase (NOS3) and ICAM-1
[3, 25]. It has been proposed that the glycocalyx, a net-
work of proteoglycans and glycoproteins of a few hundred
nanometers in thickness covering the endothelial cells
[30, 31], may sense the fluid dynamic forces [27] and
transfer these forces into tensile stress [31]. If this is in-
deed so, the glycocalyx acts as the first step in the process
of mechanotransduction. This hypothesis also implies
that endothelial cells are not seeing wall shear stress. This
stress, however, remains a driving force for endothelial
cell deformation and, hence, its function and structure.

Especially in vivo, it is difficult to distinguish between
pressure- and shear stress-induced changes in endothelial
cell function, because changes in radial and circumferen-
tial strain and changes in wall shear stress are inextricably
connected and even may interact [2]. Therefore, except
for the wall shear-stress-induced changes in arterial diam-
eter, most of the studies on the effect of cyclic strain or
shear stress on endothelial cell function and gene expres-
sion as well as on their structure have been performed in
vitro, generally exposing cultured endothelial cells to
acute increases in either of these biomechanical forces.
Although these studies have provided important infor-
mation, the experimental conditions in these studies are
substantially different from those in vivo, where the en-
dothelial cells are continuously exposed to varying levels
of circumferential strain and wall shear stress. Besides, it
can be argued whether endothelial cells behave similarly
in vitro and in vivo. Moreover, in these experiments the
shear stresses applied are generally based upon calcula-
tions according to Poiseuille’s law, which holds for stiff
and straight pipes, Newtonian fluid, steady laminar flow
and a fully developed parabolic velocity profile, condi-
tions which are not met in vivo (see Theoretical Aspects).
Besides, in in vitro experiments, endothelial cells derived
from different areas are exposed to average shear stress
values, assuming wall shear stress to be constant along the
arterial tree as predicted by theory. In this light it is of
utmost importance to be informed of wall shear stress,
being such an important determinant of endothelial cell
function and structure in vivo, regarding both the level
of wall shear stress and the variations in this level along
the arterial tree.

The first assessments of wall shear stress in vivo were
performed in arterioles, either directly by means of pres-
sure, length and diameter measurements [32] or indirect-

Wall Shear Stress in the Arterial System
in vivo

ly by deriving wall shear rate [33] from velocity profiles,
1.e. the velocity distribution over the cross-sectional area
of the vessel, using fluorescently labeled platelets as veloc-
ity tracers [34] and estimating wall shear stress from the
product of shear rate and plasma viscosity [35]. More re-
cently, fluorescently labeled nanometer particles, provid-
ing a better spatial resolution than blood platelets, are in
use to assess velocity profiles in vessels accessible to mi-
croscopic imaging [36, 37]. It was not until the 90s of the
past century that ultrasound [38, 39] and magnetic reso-
nance imaging (MRI) [40, 41] techniques became avail-
able to non-invasively assess time-dependent velocity
profiles in human peripheral arteries directly, enabling
the determination of wall shear rate in these vessels. In
large arteries, whole blood viscosity is used to calculate
wall shear stress. In human coronary arteries, estimations
of wall shear stress have been made by combining flow
velocity measurements and angiography [42]. These de-
velopments have improved our insights into the level of
wall shear stress in arteries and its distribution along the
arterial tree. Besides, they allow comparison between the
values derived from in vivo measurements and those de-
termined on the basis of theory. Especially in large arter-
ies, however, the assessment of wall shear stress remains
an approximation due to the limited spatial resolution of
the systems in use to determine time-dependent velocity
profiles. Moreover, at the present state of the art, in vivo
studies on the relation between wall shear stress and
changes in the artery wall are limited to changes observed
in excised arteries or changes which can be observed non-
invasively, as those in intima-media thickness (IMT).

In the present review, we will discuss wall shear stress
in the arterial system in vivo, paying attention to its as-
sessment and especially to the results obtained in both
arterioles and arteries. The limitations of the methods in
use are discussed as well. Comparisons are made between
the wall shear stress values derived from in vivo measure-
ments and those derived theoretically. The consequences
of wall shear stress values deviating from theory for in
vitro experiments are considered. Biological conse-
quences of changes in wall shear stress and of its applica-
tion in vivo, as in flow-mediated arterial dilation to assess
endothelial (dys)function in the clinic, are addressed as
well. Recent findings on the relation between wall shear
stress and IMT, as obtained in humans, are presented.
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Theoretical Aspects

In all theoretical considerations and nearly all experi-
ments on the interaction between shear stress (7) and en-
dothelial cell function, either in vitro or in vivo, this tan-
gential force is calculated on the basis of Poiseuille’s law.
In in vitro and in animal experiments, shear stress is often
derived from the measured flow ¢, the lumen radius r and
the medium viscosity 7 according to the equation:

_dng (1)

TYI‘3

T

In clinical studies, shear stress is often calculated from
whole blood viscosity and shear rate (y) as estimated from
the measured blood flow velocity and the internal diam-
eter of the artery, assuming Poiseuille flow according to
the equation [43]:

8v,

y="m, (2
where v,, is the mean flow velocity of the blood and d the
end-diastolic internal arterial diameter. Alternatively,
only center line flow velocity is determined. When peak
flow velocity v,,,, is used to calculate y and assuming a
parabolic velocity profile, the numerator in this equation
becomes 4v,,,, (see also equation 5). Equation 2 has also
been applied in animal experiments.

The shear stress values calculated in this way might
hold for in vitro, provided that the conditions meet Poi-
seuille’s law. The latter cannot be achieved in arteries in
vivo, where we are dealing with non-Newtonian fluid,
distensible vessels, unsteady flow and, due to the branch-
ing arterial tree, the effect of too short entrance lengths.

The shear stress value for arteries obtained by apply-
ing Poiseuille’s law is estimated to be 1.5 Pa (15 dyn-
cm™2) + 50% [44]. Based upon the principle of minimal
work according to Murray’s law [45, 46], which states that
the cube of the radius of a parent vessel is equal to the
sum of the cubes of the radii of the daughter vessels, it is
assumed that mean wall shear stress is constant along the
arterial tree [47-49]. As can be learned from equation 1,
shear stress critically depends on the radius of the artery.
Therefore, in the concept of mean wall shear stress being
constant, adaptation of the arterial diameter to this tan-
gential force, i.e. an increase and a decrease in wall shear
stress is associated with an increase and a decrease in ar-
terial diameter, respectively, has been considered from
early on [50-52], a consideration supported by the ex-
perimental findings of Kamiya and Togawa [53]. To date,
it has been well established that wall shear stress is an
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important determinant of arterial diameter, both acutely
and chronically, and that this adaptation process is of
great importance in maintaining mean wall shear stress
within limits with changing flow requirements [1, 2, 54]
or changes in blood viscosity [53, 55, 56].

The unsteady blood flow in a branching arterial system
deserves special attention. In arteries, the velocity profile
will not develop to a full parabola as a consequence of
unsteadiness and short entrance lengths. In arterioles (di-
ameter ~100 pm or smaller), where flow is practically
steady, the velocity profile does not develop to a full pa-
rabola either, due to branching and the dominating vis-
cous forces in the center of these vessels. In both arteries
and arterioles, the velocity profiles are flattened parabolas
(see Assessment of Wall Shear Rate in vivo). Therefore,
shear rate, i.e. the velocity gradient relative to the arte-
rial radius (dv/dr), is low in the center of the vessel and
high towards the artery wall. The viscosity is higher in the
center of the vessel, because red blood cells tend to stream
in the center of the vessel, thereby reducing the shear
stress gradients they are exposed to. Less red blood cells
travel along the artery wall, where, in addition to a thin
layer of plasma, blood platelets are traveling. They are
likely dispersed from the center of the vessel due to colli-
sion with the larger red blood cells [57, 58]. The velocity
profiles are not only flattened, but often also skewed due
to curvature effects (fig. 1c). As a consequence, wall shear
rate often differs over the cross-sectional area of the ves-
sel (fig. 1d). The skewness of the velocity profile intro-
duces an additional error in calculating wall shear rate
from the center line velocity (equation 2).

Blood flow velocity, and, hence, wall shear stress, is
high in systole and relatively low in diastole. Because di-
astole comprises approximately two thirds of the cardiac
cycle, the level of wall shear stress during this phase of the
cardiac cycle contributes substantially to the calculated
mean wall shear stress. During systole, not only the in-
crease in pulse pressure but also the increase in wall shear
stress is limited due to the increase in arterial diameter,
especially in elastic arteries [59]. It has been shown that
distensibility of the artery wall, i.e. the relative increase
in the arterial cross-sectional area for a given increase in
pulse pressure, reduces wall shear rate by about 30% as
compared with rigid arteries [60, 61].

At branch points, the laminar flow field is disturbed.
This has been well established in model studies [62, 63],
in numerical analyses [64, 65], and in in vitro [66] and in
vivo [67] investigations. When arteries divide, especially
where diameter increases in the daughter vessel, as in the
carotid artery bulb, regions with predominantly axial and
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Fig. 1. The velocity profiles (a, ¢) and the shear distributions (b, d) as recorded in the brachial (a, b) and the com-
mon carotid (¢, d) artery of a presumed healthy volunteer.

unidirectional flow are observed on the side of the flow
divider, while on the side opposite to this divider flow
separation occurs, and areas of recirculation and flow re-
versal develop, with flow remaining laminar. Wall shear
stress is high near the flow divider and low, and even
negative, opposite to this divider [68, 69], which is the
preferred site of atherogenesis. Both at and opposite to
the flow divider, the flow pattern is oscillatory in na-
ture.

When deriving wall shear rate from the actual velocity
profile in vivo, blood flow velocities have to be deter-
mined accurately close to the wall. This can be achieved
in arterioles, using nanometer particles as fluorescent ve-
locity tracers. Therefore, in these vessels, plasma viscos-
ity can be used to calculate wall shear stress, especially
since the plasma layer is relatively large in this part of the
arterial system. In large arteries, however, wall shear rate
is assessed at a distance from the wall due to the limited
resolution of the ultrasound and MRI systems employed

Wall Shear Stress in the Arterial System
in vivo

to record the velocity profiles in vivo. Therefore, in these
vessels, the values obtained have to be considered as least
estimates, because shear rate increases towards the wall.
Because the sample volumes of the ultrasound and MRI
systems are mainly seeing whole blood viscosity, this vis-
cosity is used in the calculation of wall shear stress in large
arteries. Despite the underestimation of wall shear rate,
the wall shear stress values estimated at a distance from
the artery wall will not be too different from those at the
wall, because viscosity decreases towards the wall; shear
stress can be considered as a continuum from the center
of the vessel to the wall. Although assessed in venules,
extrapolation of the data on shear stress and shear rate as
a function of vessel radius, as presented by Long et al.
[36], indicates that shear stress determined 250-300 wm
from the wall (as in ultrasound systems), which converts
to a relative radial position of 0.9 for an artery of 6 mm
in diameter, will underestimate shear stress at the wall by
about 10%.
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One should bear in mind that at the present state of
the art the relation between wall shear stress and endo-
thelial cell function and structure can be studied in vivo
only at a global level. Investigation of subcellular effects
remains restricted to in vitro studies, making, for exam-
ple, use of atomic force microscopy [20] combined with
computational fluid mechanics [70]. In the latter study,
it could be demonstrated that the shear-stress-induced
reorganization of endothelial cells results in flattening of
these cells, thereby reducing the shear stress gradient
across endothelial cells. Interestingly, through this mech-
anism, the shear stress gradient across these cells de-
creases with increasing wall shear stress.

Direct Assessment of Wall Shear Stress
in vivo

In this review we have included wall shear stress in
arterioles in vivo to be able to make comparisons with
theory along the whole arterial tree and to provide an in-
dication of the shear stress levels endothelial cells are ex-
posed to in these vessels.

Lipowsky et al. [32] were one of the first to assess wall
shear stress in vivo directly. In cat mesenteric arterioles,
wall shear stress was determined by means of micropres-
sure measurements upstream and downstream, and
length and diameter measurements. The measurement of
micropressure, however, needs a lot of skill and can only
be realized in a limited number of experienced centers.

In more recent years, techniques became available to
determine velocity profiles in arterioles and, non-inva-
sively, in arteries in vivo, enabling the assessment of wall
shear rate from these profiles and, hence, the calculation
of wall shear stress.

Assessment of Wall Shear Rate in vivo

In Arterioles

In the assessment of velocity profiles in arterioles, flu-
orescent particles are used as velocity tracers. To assess
the profiles, pairs of flashes are given, and a short preset
time interval between the two flashes provides in one vid-
eo field two images of the same tracer displaced over a
certain distance for the given time interval. The time in-
terval between the two flashes (range 1-5 ms) is selected
so that the concomitant images of the tracer show no or
only little overlap. By triggering the sequence of light
flashes by the R wave of the ECG, within a measuring
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period all flash pairs can be recorded at a selected moment
in the cardiac cycle. A preset delay is used to determine
velocity profiles in systole and diastole. Video recordings
are analyzed frame by frame. To determine the velocity
profiles, the centroids of the images of the tracers are iden-
tified and the following parameters are measured: (1) the
displacement of the tracer in the preset time interval,
yielding its velocity, and (2) its relative radial position in
the vessel. Originally, fluorescently labeled blood plate-
lets were used as velocity tracers [34]. Because in their
study the centroid of the blood platelet image was used
for the measurements, no data points could be obtained
closer to the wall than 0.5 wm because of the physical size
[71] and the orientation [72] of blood platelets. In more
recent years, nanometer particles are in use to assess the
flow velocity distribution, basically using similar process-
ing techniques, [36, 37]. Because of their smaller size
(0.4-0.5 pm in diameter), flow velocities can be deter-
mined closer to the wall than with the fluorescently la-
beled blood platelets. Originally, the velocity of the trac-
ers and their position were determined by hand, a time-
consuming procedure, but recently a computerized
two-dimensional correlation technique to assess displace-
ment and position of the tracers has been developed
[37].

The experimentally determined velocity profiles can
be adequately described with the following equation,
modified after Roevros [73]:

K

V(L) = Voo [1 - , a>0, 3)

r
a—-+b
R

where ¥(r) is the flow velocity at the radial position r, the
vertical lines denote absolute values, v,,,, is the maximal
flow velocity in the vessel, R is the radius of the vessel, a
is a scale factor allowing a non-zero intercept of the fit
with the vessel wall, b is a parameter correcting for a shift
of the top of the profile away from the vessel center and
K describes the degree of flattening of the profile. K = 2
for a fully developed parabolic velocity profile; the flatter
the velocity profile is, the higher K will be.

The velocity profiles in arterioles assessed with labeled
blood platelets as markers and described in this way are
flattened parabolas in both systole and diastole [34, 35]
with K factors varying between 2.3 and 4. The ratio of the
maximum and the mean velocity of the profile, being 2
in case of a parabolic profile, was found to range from
1.39 to 1.54, which also indicates flattening of the profile.
Because of asymmetry of the velocity profiles, differences
in wall shear rate at opposite walls may have to be appre-
ciated [33]. Therefore, when interested in global wall
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shear rate in arterioles, the average of the values at op-
posite walls is taken as the representative reading. In ar-
terioles the velocity profile of fluorescently labeled red
blood cells is similar to that of blood platelets, but most
of the red blood cells are traveling at streamlines with
higher velocities (see Theoretical Aspects), that is more
towards the center of the vessel [34, 35].

By describing the velocity profiles recorded by the best
fit through the measuring points with the use of equation
3, and a linear extrapolation from the point closest to the
wall where velocity can be measured (transition point) to
zero flow at the wall, a least estimate of wall shear rate
(WSR) can be determined by means of the following
equation [33]:

2v(x)
Dl ) @
where v(x) is the velocity at x, which is the relative radial
position of the transition point, and D is the vessel diam-
eter.

The wall shear rate values expected in the case of a
parabolic velocity distribution (WSRp), but with the same
volume flow in the arteriole can be derived with the fol-
lowing equation:

WSR =

WSR = —4V52X = 8V mean Vlm;a" )

The extent to which the wall shear rate values derived
from the actual velocity profiles in vivo are higher than
those calculated on the basis of a parabolic velocity dis-
tribution for the same volume flow is given by the rela-

tion:
WSR  0.25 v(x) )

WSR,  (1=]4])+ Vean

In Large Arteries

Initially, the velocity distribution in large arteries was
assessed by means of multi-gate pulsed Doppler systems
[67,74]. Although this technique has provided interesting
information about velocity patterns and artery wall dy-
namics in, for example, the carotid artery bifurcation
[67], it has several important limitations [74]. In more
recent years, ultrasound [38, 39] and MRI [40, 75] tech-
niques became available to more accurately determine
velocity profiles in large arteries.

Wall Shear Stress in the Arterial System
in vivo

Ultrasound

Accurate measurement of low blood flow velocities
close to the vessel wall can only be achieved when the
high-amplitude low-frequency signals reflected by the ar-
tery wall are adequately suppressed without losing the low
blood flow velocity information near the wall. This can
be accomplished by considering the time-dependent as-
pects of the reflections and using a band stop filter which
adapts its rejection range to the mean frequency of the
reflections from the artery wall [76]. In this adaptive fil-
tering technique, these reflections are suppressed by shift-
ing the temporal frequency distribution towards zero
frequency, the shift being given by the estimated mean
frequency of the reflected signal. Subsequently, the re-
flections, then centered around zero frequency, are
selectively suppressed by a high-pass filter with a low cut-
off frequency.

For the assessment of wall shear rate, a conventional
two-dimensional imager (Mark 9 HDI; Advanced Tech-
nology Laboratories, Bothell, Wash., USA) with a C9-5
curved array is combined with dedicated signal process-
ing to measure the blood flow velocity distribution along
a selected line of observation across the center of the ar-
tery. After localization of the region of interest, the system
is switched to a single line of observation (Motion mode;
M-mode) with short emission bursts (2 periods) to retain
spatial resolution and a high pulse repetition frequency
to facilitate blood flow velocity detection. The radio fre-
quency (RF) signals are captured at a sample rate of
20 MHz and stored on a computer for off-line analysis.
After automatic identification of the wall-lumen inter-
faces, cursors, representing sample volumes, are posi-
tioned on the reflections from the anterior and posterior
walls [77]. The time-dependent blood flow velocity dis-
tribution is obtained with the use of a modeled cross-cor-
relation function applied to the RF data between the cur-
sors after elimination of the wall signals with the adaptive
high-pass filter. Calculation of mean blood flow velocity
for all RF segments provides a time-dependent velocity
profile (fig. 1a, ¢). The length of the RF segments is se-
lected according to the actual bandwidth of the RF signals
(2.5 MHz) and corresponds to 300 pm in depth; the seg-
ments are spaced at 150 pm intervals (50% overlap). The
shear rate distribution is derived from the radial deriva-
tive of the velocity profile at each site and each time in-
stant (fig. 1b, d). Because of the limited resolution of the
system, due to the finite size of the sample volume, blood
flow velocities cannot be determined at the wall. There-
fore, the maximum value of the radial derivative of the
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velocity profile is considered as the estimate of instanta-
neous wall shear rate. In general, the maximum shear rate
isassessed 250-300 pm from the blood-intima boundary.
From the shear distribution, mean wall shear rate, the
time-averaged shear rate over one cardiac cycle, peak wall
shear rate, the value at peak systole, and the maximal cy-
clic change in wall shear rate within a cardiac cycle can
be determined. When interested in wall shear rate values
in a particular artery in general, the values recorded near
the anterior and the posterior wall are averaged to mini-
mize the influence of skewness of the velocity profile and
of secondary flows. In studies on the relation between wall
shear rate and artery wall structure, the shear rate values
assessed locally are used. The assessment of wall shear
rate, arterial diameter, the change in arterial diameter
during the cardiac cycle (distension) and IMT has been
integrated in one system [78], facilitating studies on the
relation between these parameters under normal and
pathological circumstances. For further details regarding
this ultrasound technique, the reader is referred to previ-
ous publications of our group [38, 39].

In the common carotid artery, the intra-subject inter-
session variability on different days varies between 13
and 15% for peak wall shear rate and between 10 and 12%
for mean wall shear rate (coefficient of variation), while
the inter-subject variability varies between 16 and 19%
for peak wall shear rate and between 11 and 17% for mean
wall shear rate [79]. In the femoral artery [80] and the
brachial artery [81], these values are somewhat higher.
Therefore, measurements over about 16 cardiac cycles
are considered to obtain reliable values of peak and mean
wall shear rate, i.e. a methodological variation about four
times lower than the biological one.

Using similar approaches as in arterioles, it could be
demonstrated that also in such elastic arteries as the com-
mon carotid artery, the velocity profile is substantially
flattened (fig. 1c) with a K factor of 4 in systole [82]. In
the femoral artery, the velocity profile is also flattened in
systole [75]. In the brachial artery, however, in systole,
the velocity profile was found to be close to parabolic [75]
(fig. 1a) with a K factor of 2.1 [82]. This difference can
likely be explained by the greater relative distension of
the common carotid artery [60, 82] and a relatively longer
entrance length in the brachial artery. It cannot be ex-
cluded, however, that the more parabolic profile in the
brachial artery partially results from the smaller diameter
of'this vessel in relation to the resolution of the ultrasound
system.

An important limitation of the ultrasound technique
presently in use is that wall shear rate can only be deter-
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mined reliably in relatively straight arteries. Therefore,
reliable information about wall shear stress in artery bi-
furcations, the site of preference of atherosclerosis, can-
not be obtained. Methods are under development that
may allow the assessment of wall shear rate at these sites
of interest.

Magnetic Resonance Imaging (VIRI)

In MRI, flow velocity distribution in a cross-section of
an artery can be visualized as a function of time by plac-
ing the artery of interest in a strong static magnetic field
(~1-2 T) and modulating the static field with high-fre-
quency magnetic pulses. In this way, a small fraction of
the hydrogen atoms (protons) is brought into resonance
(~150 MHz). After adding a gradient field to the static
magnetic field, the phase shift of the resonating atoms
becomes position dependent. If there is no flow-related
motion, a linear gradient in phase shift is generated. How-
ever, if an atom travels along the direction of the mag-
netic gradient, the phase shift of the position where the
atom was excited is brought to a new position in the im-
age. Thus, an additional phase shift is generated propor-
tionally with blood flow velocity. The related deviation
in phase shift can be detected by means of the velocity-
encoded phase-contrast method. In this method two im-
ages are acquired, a reference scan and a velocity-encod-
ed sensitized scan. The phase shift between both images
is denoted as the phase contrast image. A velocity map is
obtained by multiplication of the observed phase shift
with a calibration factor, defined as the aliasing velocity
(AVL) divided by 180°.

In MRI flow velocity mapping, the settings have to be
optimized for a given experimental condition, because
the sensitivity to blood flow velocity increases with de-
creasing AVL. If blood flow velocity exceeds AVL, the
phase shift exceeds the interval of +180° and it will be
falsely measured as a phase shift within this interval. This
artifact, known as aliasing, requires that AVL should not
be lower than the maximum blood flow velocity to be
measured. In finding the optimum value for AVL, one
should realize that AVL cannot be elevated too much to
avoid reduction of the signal-to-noise ratio in the phase
assessment, resulting in enhancement of noise in the ve-
locity signal.

The spatial resolution of MRI in the assessment of
blood flow velocity is determined by the pixel size in the
imaging plane and by slice thickness in the direction per-
pendicular to the imaging plane. A convenient pixel size
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Table 1. Units of the parameters described
in this review

Description Units
Velocity
Microcirculation mm-s~!
Large arteries cm-s!
Wall shear rate 57!
Wall shear stress Pa?
Viscosity mPa-sP
Distension (Ad) mm
Wall strain (Ad/d) dimensionless
Distensibility MPa™!
Compliance mm?-MPa™!
IMT mm

21 Pa=10dyn-cm™.
® | mPa-s=0.01 dyn-s-cm™.

is 0.5-1.0 mm. For reliable blood flow velocity measure-
ments, the information of 4 pixels has to be collected,
limiting the true spatial resolution of velocity assessment
to about 1-2 mm. Slice thickness is generally around 4-
8 mm. Diminution of slice thickness would enhance the
resolution in depth, but at the cost of signal power. Mis-
alignment of the artery with the perpendicular direction
of the image further deteriorates spatial resolution. For-
tunately, the latter effect is of limited importance in most
applications.

The temporal resolution of blood flow velocity map-
ping is determined by three factors, being the number of
cardiac beats for averaging, the measurement interval
and the acquisition duration within the cardiac cycle. Av-
eraging over several heart beats requires good periodicity
of the flow velocity signal, which may be improved by
breath holding during the MRI measurement. By averag-
ing over 2-16 heart beats, flow velocity profiles during
the cardiac cycle can be obtained with a repetition time
of 25 ms [41]. In complicated flow fields as in turbulence,
e.g. near valves or stenoses, the periodicity of the flow
velocity signal becomes a problem, hampering reliable
multiple-beat averaging. The latter is also difficult during
such interventions as reactive hyperemia, when the flow
velocity signal becomes noisy due to unsteadiness. For
further details regarding flow velocity imaging in arteries
by means of MRI, the reader is referred to a recent review
by Gatehouse et al. [83].

Following the approach as described above, in the
common carotid artery flow velocity maps over the cross-
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section of an artery can be obtained with a spatial resolu-
tion of 1-2 mm and a temporal resolution of 25 ms, while
averaging over 10 heart beats [41, 84]. Since the flow ve-
locity map provides simultaneously flow velocities at var-
ious distances from the artery wall, the velocity profile,
and, hence, shear rate can be accurately determined in
the field of observation. As a consequence of the limited
spatial resolution, however, the wall shear rate values are
underestimated and will generally be lower than those
estimated by means of ultrasound, because with the latter
blood flow velocities are measured closer to the wall than
with MRI (250-300 and 1,000-1,200 pwm, respectively).
As with ultrasound, accurate velocity profile recordings
can only be obtained in relatively straight arteries.

Calculation of Wall Shear Stress

In arterioles, plasma viscosity can be used to calculate
wall shear stress the endothelial cells are exposed to (see
Theoretical Aspects). Plasma viscosity can be accurately
determined in vitro by means of commercially available
glass capillary viscometry systems.

In large arteries, whole blood viscosity is used to cal-
culate wall shear stress (see Theoretical Aspects). In this
calculation, the influence of plasma viscosity can be ig-
nored, because in arteries the plasma layer is only 3-7 pm
thick [85], which is negligibly small relative to the size of
the sample volumes of the ultrasound and MRI systems
(see above). Whole blood viscosity (WBV) can be deter-
mined using the approximation proposed by Weaver et
al. [86]:

log (WBV) = log (10) + (0.03+0.0076 log(y)) Ht, )

where 7, is plasma viscosity, 7y is wall shear rate and Ht
1s hematocrit.

Under the shear rate conditions derived from the in
vivo measurements, i.e. 100 s™! < y< 1,000 s~! in large
arteries, the effect of changes in plasma viscosity on whole
blood viscosity, calculated by means of equation 7, is neg-
ligible [82], leaving shear rate and hematocrit as the rel-
evant parameters. Alternatively, whole blood viscosity
can be determined in vitro by means of a cone/plate vis-
cometer. A limitation of this approach is that viscosity
cannot be determined at appropriate and sufficiently high
shear rates in all subjects studied [87], resulting in too
high estimates of whole blood viscosity.

The units of the parameters, as described in the pres-
ent review, are presented in table 1.
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Table 2. The peak (PWSR) and mean wall shear rate (MWSR), and the peak (PWSS) and mean wall shear stress (MWSS) values deter-
mined in the common carotid artery (CCA) of presumed healthy volunteers and published in literature

Charac- Hoeks Gnasso et al. [87]°  Samijo et al. [79]* Samijo et al. [92]* Kornet ~ Dammers
teristics et al. [39]* etal. [91]* et al. [82]*
Artery CCA CCA CCA CCA CCA CCA CCA CCA CCA CCA CCA
Subjects 9 (M) 7 (M) 21 11 (M) 11 (F) 12 (M) 7 (M) 12 (F) 8 (F) 53 10 (7 M)
Age, years 20-30 60—-70 35.9 (21-64) 24 (20-36) 25(19-32) 20-29 50-59 20-29 50-59 18—67 20-30
D, mm 6.5+£04 7.7x0.7 5.5+0.7 (4.3-8.2) 6.3+0.4 6.1+£0.2 6.5+0.6 6.4+0.5 6.0+0.3 6.3+0.3 6.7+0.5
PWSR, s} 1,100£231 765x138 640 1,338+376 1,074x244 1,050£264 767114 965+x182 793136 900 1,047 £ 345
MWSR, s™! 342+48 31079 260 414+82 379+53 408 =83 35781 375+52 341+£99 310 360x111
PWSS, Pa 2.9+0.8 (1.4-5.3) 43+1.3 3.3+0.7 36+0.8 2.6+0.3 29+0.5 2.5+04 3.4+0.8
MWSS, Pa 1.2+0.3 (0.9-3.0) 1.3£0.27 1.2+0.2 1.4%£0.2 1.2%0.2 1.1£0.2 1.1£0.2 1.2+0.2
Vpcak,cm's_l 95+11 57+13 97+23 (58-156) 105+21 82+13 90=x11 67+10 76+ 14 62+9 87+26
Vinean, cm + 57! 30+ 20+6 30+6 (20-42) 32+4 27+6 32+5 30+7 27+4 28+5 308
Blood viscosity

mPa-s 4.6+0.3 (4.0-5.2)° 3.2%0.3¢ 3.1£0.3¢ 3.0¢ 3.24 2.9¢ 3.24

The diameter (D), the peak (Vpeak) and mean (Vimean) blood flow velocity, and the blood viscosity values, when assessed, are presented as well. Means + SD and

occasionally ranges (within parentheses) are presented. M = Males; F = females.

2 Wall shear rate determined from the in vivo recorded velocity profile by means of ultrasound.
b Wall shear rate determined by means of ultrasound, assuming a parabolic velocity profile.

¢ Determined in vitro at a shear rate of 225 s
d Determined with the Weaver equation (see text, equation 7).

Wall Shear Rate/Stress Values in vivo

In Arterioles

Wall shear rate in rabbit mesenteric arterioles, derived
from actual velocity profiles, was found to be on the aver-
age 1,700 s~!, ranging from 472 to 4,712 s7! [33]. The
average wall shear stress, calculated from these shear rate
values and a plasma viscosity of 1.07 mPa-s, a value com-
monly found in rabbits, is 1.82 Pa with a range of 0.51-
5.0 Pa[35]. The substantial spreads in wall shear rate and
wall shear stress in these arterioles can be explained by
the variations in flow velocity, peak flow velocity varying
between 1.3 and 14.4 mm-s~!, and the absence of any
regulatory property of these arterioles: their diameter
does not change in response to changes in blood flow ve-
locity [88]. The wall shear stress values found in arterioles
of the rabbit mesentery are significantly lower than those
found by Lipowsky et al. [32] by means of pressure gradi-
ent and diameter measurements in arterioles of the cat
mesentery. In the latter vessels, wall shear stress was
found tobe 4.71 * 2.34 Pa (mean * SD). In their study,
however, the reduced velocity, defined as mean flow ve-
locity divided by vessel diameter, was significantly high-
er than ours in the rabbit mesentery (on the average 208
vs. 87 57!, respectively). Considering the non-regulatory
properties of mesenteric arteries, differences in reduced
velocity may explain the differences in wall shear stress
values found by Lipowsky et al. [32] and our group [33].

260 J Vasc Res 2006;43:251-269

Comparison of the wall shear rate values derived from
the in vivo determined platelet velocity profiles with
those calculated on the basis of a parabolic velocity pro-
file, using equation 6, reveals on the average a 2.1 times
lower wall shear rate (range: 1.5-3.9 times), when assum-
ing a parabolic velocity profile. This underestimation of
wall shear rate, and, hence, of wall shear stress, is even
more pronounced when nanometer particles, allowing
flow velocity assessments closer to the wall, rather than
platelets are used as velocity tracers [36].

In Large Arteries

An important observation made in human arteries is
that mean wall shear stress, calculated from wall shear
rate, derived from in vivo recorded velocity profiles, and
whole blood viscosity is far from constant along the arte-
rial tree as predicted by theory. In the common carotid
artery of presumed healthy volunteers, mean wall shear
stress was found to be within the limits of the theoreti-
cally predicted value of 1.5 Pa = 50%, varying on the
average between 1.1 and 1.4 Pa in the different study
populations (table 2). In muscular conduit arteries of pre-
sumed healthy volunteers, however, mean wall shear
stress is substantially lower, reaching average values in
the common femoral artery, the superficial femoral artery
and the brachial artery varying between 0.3 and 0.4 Pa,
around 0.5 Pa and between 0.4 and 0.5 Pa, respectively,
in the different populations studied (table 3). The wall
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Table 3. The peak (PWSR), mean (MWSR) and cyclic wall shear rate (CWSR), and the peak (PWSS), mean (MWSS) and cyclic wall
shear stress (CWSS) values assessed in the common (cFA) and superficial femoral arteries (sFA), and the brachial artery (BA) of presumed

healthy volunteers and published in literature

Characteristics ~ Kornet et al. [89]° Dammers et al. [81]? [82]* Silber et al. [75]°

Artery cFA SFA cFA SFA BA BA BA BA BA BA (MRI) FA (MRI)

Subjects 11 10 6 12 7 (M) 7 (F) 8 (M) 8 (F) 0GM) 24 24
(OM/I5F) (9 M/15F)

Age, years 20-29 20-29 60—74 60—74 36+4.7 37+£5.6 59+4.6 8+4.5 23.7+3.4 27%6 276

D, mm 7 6.3 7 6.3 44+0.6 3.9%0.6 42+0.5 3.1+04 3.7%£0.7

PWSR, 57! 770+ 170

MWSR, 5! 95+24

CWSR, 57! 971+234

PWSS, Pa 40+1.3 34+06 38*+12 40+0.1 33+0.7 2.7%06 3.3%20.5 29+1.2 39+0.8 1.2%4 1.3+0.3

MWSS, Pa 0.4+0.3 0.5+0.1 0.3£0.1 0.5+£0.2 0.5+0.1 04%0.2 0.5+0.3 0.5+0.2 0.5+0.2

CWSS, Pa 5.1%£1.6 5.1x1.1 48+1.2 5.1x1.9 49+1.1

V peak, cm +s™! 59+15  45+15 49+12 46+13 68+ 16

Vimnean, cm-s™! 7.5+£2.0 8.1%43 8.3+6.4 8.1+4.3 7.7+2.7

Blood viscosity

mPa-s 5.0+£0.2° 4.8%+1.3¢ 5.0+£0.2° 49+1.3°

The diameter (D), the peak (Vpeak) and mean blood flow velocity (Vimean), and the blood viscosity values, when assessed, are presented as well. Means +

SD and occasionally ranges are presented. M = Males; F = females.

2 Wall shear rate determined from the in vivo recorded velocity profile by means of ultrasound.
Y Wall shear rate determined by means of MRI, assuming a parabolic velocity profile.

¢ Determined with the Weaver equation (see text, equation 7).

shear stress values presented in these tables are based
upon the average of the shear rate values recorded near
the anterior and posterior walls (see Assessment of Wall
Shear Rate in vivo and Ultrasound).

The lower mean wall shear stress values in these con-
duit arteries at rest can be explained by the high periph-
eral resistance in these vessels, reducing mean volume
flow and inducing reflections. In the femoral artery, dur-
ing vasodilatation, induced by reactive hyperemia, adap-
tation of the peripheral resistance results in mean wall
shear stress values not significantly different from those
in the common carotid artery [89]. This observation in-
dicates that mean wall shear stress is regulated locally and
strongly depends on the characteristics of the peripheral
circulation. In case of matching of the characteristic and
input impedances, as in the brain circulation, reflections
are practically absent, while they are dominant in the arm
and leg circulation where these impedances are not well
matched at rest. The idea that mean wall shear stress is
regulated locally is supported by the observation that no
correlation could be found between wall shear rate and
wall shear stress in the common carotid and brachial ar-
teries assessed in the same study population [82]. The low
mean wall shear stress in the femoral and brachial arter-
ies at rest allows for an increase in mean wall shear stress

Wall Shear Stress in the Arterial System
in vivo

during exercise, without reaching levels that could be
damaging to the endothelial cells.

In normal coronary arteries, mean shear stress, de-
rived from intra-coronary velocity measurements and
coronary angiography, was found to be on the average
0.68 Pa (range 0.33-1.24 Pa) [42]. One should realize,
however, that these values are likely to be underestima-
tions, because they were calculated by means of a modi-
fication of equation 1, assuming the velocity profile to be
parabolic (see below).

Although large arteries adapt their diameter to changes
in blood flow velocity, maintaining mean wall shear stress
within limits, inter-individual variations in this param-
eter have to be appreciated (tables 2, 3). Despite this vari-
ability, even at the same site in a bifurcation, in the ca-
rotid artery bulb specific areas of low wall shear stress can
be identified [90].

Peak wall shear stress is not significantly different be-
tween elastic and muscular arteries and varies between
2.5 and 4.3 Pa in the common carotid artery, between 3.4
and 4.0 Pa in the femoral arteries and between 2.7 and
3.9 Pa in the brachial artery in the different populations
studied (tables 2, 3).

Mean wall shear stress does not only vary along the
arterial tree, but also within artery bifurcations. In the
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femoral artery bifurcation, mean wall shear stress was
found to be significantly lower in the common than in the
superficial femoral artery; the former artery seeing reflec-
tions from both the superficial and the deep femoral ar-
tery, resulting in a longer-lasting negative flow during di-
astole in the common femoral artery [89]. Peak and max-
imal cyclic stress are not significantly different between
the common and superficial femoral arteries [89]. Simi-
larly, in the common carotid artery, mean wall shear rate,
and, hence mean wall shear stress, was found to be lower
near the bifurcation than about 3 cm more proximally,
probably because at the latter site the influence of reflec-
tions from the external carotid artery has greatly disap-
peared [91].

No significant differences in mean wall shear stress
could be detected between men and women, either in the
common carotid artery [92] or in the brachial artery [81].
Only peak wall shear stress in the common carotid artery
was found to be higher in males than in females [92].

Mean and peak wall shear rate are higher in elastic
than in muscular conduit arteries. In the common carot-
id artery, mean and peak wall shear rate varies in the dif-
ferent study populations between 310 and 414 and be-
tween 900 and 1,338 s7!, respectively (table 2). In the
brachial artery, mean and peak wall shear rate was found
to be on the average 95 and 770 s™!, respectively (table 3).
The lower wall shear rate in the brachial than in the com-
mon carotid artery implies that whole blood viscosity is
higher (equation 7) in the former artery. Indeed, in these
stud-ies, the whole blood viscosity values range from 4.8
to 5.0 mPa-s in the brachial artery and from 2.9 to
3.2 mPa-s in the common carotid artery (tables 2, 3).
Whole blood viscosity in the common carotid artery in-
creases with age in both men and women, reaching the
level of significance only in the latter.

As in arterioles, in large arteries, the wall shear rate
values derived from the in vivo recorded velocity profiles,
and, hence, the wall shear stress values, are higher than
those calculated on the basis of a parabolic velocity pro-
file. In the common carotid artery, mean wall shear rate
is underestimated by a factor of 2-3 [39, 82] and mean
wall shear stress by a factor of 2 [82], when assuming a
parabolic velocity profile. In the brachial artery, the un-
derestimation of mean wall shear rate and mean wall
shear stress is less pronounced [82], likely due to the more
parabolic shape of the velocity profile in this artery
(fig. 1a). The underestimation, when assuming a parabol-
ic velocity profile, is also illustrated by the relatively low
mean and peak shear rate values (260 and 640 s~!, respec-
tively) obtained by Gnasso et al. [87] in the common ca-

262 J Vasc Res 2006;43:251-269

rotid artery (table 2) and the low peak shear stress values
found by Silber et al. [75] in the brachial and femoral
arteries (on the average 1.2 and 1.3 Pa, respectively;
table 3). Erroneously, correct wall shear stress values can
be obtained, when assuming a parabolic velocity profile
(table 2) [87]. When underestimating wall shear rate and
using these too low values to assess whole blood viscosity,
too high viscosity values will be found (see equation 7),
resulting in calculated wall shear stress values close to the
values derived from the in vivo recorded velocity profiles
(table 2).

Comparison of Theory and in vivo
Measurements

Based upon theory, mean wall shear stress was calcu-
lated to be 1.5 Pa = 50%, and according to the theory of
minimal energy expenditure it should be constant along
the arterial tree (see Theoretical Aspects). As shown
above, in vivo mean wall shear stress varies substantially
along the arterial tree due to local peripheral influences.
Mean wall shear stress is on the average comparable to
the theoretically predicted value only in rabbit arterioles
and in the human common carotid artery (table 2) and is
substantially lower in human conduct arteries, like the
femoral and brachial arteries (table 3).

Theory also predicts that mean wall shear stress should
be regulated via diameter adaptation. In several in vivo
studies it has indeed been shown that if volume flow is
forced to change from its physiological state, and thus
mean wall shear stress, the arterial diameter adapts and
mean wall shear stress is restored towards its baseline
value. This adaptation does not only occur in large arter-
ies [53, 93], but also in arterioles, where mean wall shear
stress is kept relatively constant over a wide range of flow
values [54]. Diameter adaptation to maintain mean wall
shear stress within limits also holds for changes in blood
viscosity [55, 56]. Also, in end-stage renal failure patients,
mean and peak wall shear stress are kept constant when
whole blood viscosity changes substantially following he-
modialysis, mainly due to a reciprocal change in wall
shear rate [94]. It is of interest to note that in embryogen-
esis, mean shear rate, and, hence, shear stress, is rather
constant along the arterial tree in the developing arterial
system down to a diameter of about 40 pm [95]. This in-
dicates that during development arterial segments adapt
their lumen size to the flow to be carried. Interestingly, at
the stage of development studied, a vessel wall media,
differentiated vascular smooth muscle cells and active
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regulation of vascular tone are still lacking. Thus, even in
the absence of vascular smooth muscle, arteries adapt
their lumen to shear rate and, hence, shear stress, a pro-
cess probably controlled by endothelial cells [95].

In vivo measurements have shown that in the human
common carotid artery mean wall shear stress decreases
with increasing age in both males and females, only in the
latter reaching the level of significance [92]. The values
reached at the age of 60 years amount to 1.1-1.2 Pa,
which are still within the range of optimal values predict-
ed by theory. The decrease in mean wall shear stress in
this elastic artery with increasing age may be explained
by the increase in arterial diameter to reduce the loss of
arterial compliance, i.e. the absolute change in arterial
cross-sectional area for a given increase in pulse pressure,
at older age [59, 96], a good example of interaction
between two parameters to be regulated. Peak wall
shear stress in the common carotid artery significantly de-
creases with age in both males and females [92]. In the
brachial artery, neither mean nor peak wall shear stress
changes significantly as a function of age in both men and
women [81]. Also, in the common and superficial femoral
arteries, peak, mean and cyclic wall shear stress do not
change significantly with increasing age [89]. These data
demonstrate that, within limits, mean wall shear stress is
not only maintained at its basic level when hemodynam-
ics change acutely, but also when hemodynamic changes
occur more chronically as in aging.

Mean Wall Shear Stress and Structural and
Functional Aspects of the Artery Wall in vivo

By relating stationary flow behavior in scale models of
human carotid artery bifurcations to intimal thickening
in a corresponding series of autopsy specimens, it could
be shown that maximal intimal thickening occurs in re-
gions of flow separation and relatively low wall shear
stress[13, 14]. In in vitro experiments, intimal thickening
was found to correlate negatively with the amplitude of
cyclic changes in wall shear stress in a human coronary
artery branch [97] and in a human aortic bifurcation [98].
In vivo IMT, measured at one site in the human carotid
artery, was found to correlate negatively with estimated
averaged wall shear stress [87]. Also in normal coronary
arteries, a negative correlation between wall thickness
and shear stress has been observed [99]. It is of interest
to note that local differences in mean wall shear stress, as
in artery bifurcations (see Wall Shear Stress/Rate Values
in vivo), do have structural consequences. The lower
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mean wall shear stress at the posterior wall in the com-
mon than in the superficial femoral artery was found to
be associated with a greater IMT at this wall in the former
artery [80]. A similar observation has been made in the
common carotid artery. Also in this artery at the poste-
rior wall, IMT is greater at the site of lower wall shear rate
near the bifurcation than 3 cm more upstream, where wall
shear rate is higher [91]. These findings may explain the
substantial variations in IMT observed within a relative-
ly short common carotid artery segment [100]. In the bra-
chial artery, no clear correlation could be found between
IMT and wall shear stress [81].

Although the compliance of the common femoral ar-
tery was found to be greater in athletes, carrying high flow
levels during exercise, than in sedentary volunteers, nei-
ther peak nor mean wall shear stress is different between
these two populations [101]. Also in the brachial artery,
no correlation between mean wall shear stress and any of
the mechanical artery wall parameters determined could
be detected [81].

As has been shown in in vivo and in in vitro experi-
ments, gene expression is not only dependent on the lev-
el, but also on the type of shear stress applied (see Back-
ground Considerations). Although at the present state of
the art no firm conclusions can be drawn regarding the
type of wall shear stress that induces changes in the artery
wall in vivo, our data suggest that mean wall shear stress
has to be considered as a candidate, at least as far as the
induction of structural changes is concerned. In the fem-
oral artery bifurcation, after all, the differences in IMT
between the common and the superficial femoral artery
are associated with differences in mean wall shear stress,
but not in peak or cyclic wall shear stress; the values of
the latter two parameters are not significantly different in
both arteries.

Flow and Arterial Diameter

It has been well established that arterial diameter
adapts to acute changes in volume flow [102], and, hence,
in wall shear stress. Adaptation of the diameter occurs by
modifying the production of autacoids by endothelial
cells [2, 54, 103]. In both arterioles and large arteries, ni-
tric oxide and prostaglandins are the most important au-
tacoids involved in this process [2, 54]. Diameter regula-
tion will take place as long as these autacoids are pro-
duced by the endothelial cells [54]. The release of nitric
oxide and prostaglandins by enhanced shear forces also
prevents blood platelets from additional aggregation dur-
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ing thrombo-embolic processes; without the production
of these autacoids platelet aggregation is enhanced with
increasing shear stress in these processes [104, 105].

The arterial diameter does not only adapt to acute
changes in wall shear stress, but also to chronic changes
in this parameter. Radial artery diameter increases in re-
sponse to chronically enhanced shear stress [106], while
carotid artery diameter decreases following a chronic re-
duction in shear stress [107]. Similar observations have
been made in endurance-trained athletes and paraplegic
patients; femoral artery diameter is substantially larger in
the former than in the latter, which complies with the
higher flow to be carried by this artery in the athletes than
in the patients [101]. Femoral artery diameter is also sig-
nificantly smaller in paraplegic patients than in sedentary
volunteers. As a consequence of the smaller diameter
mean and peak shear rate [101] as well as mean and peak
shear stress [108] are substantially higher in paraplegic
patients than in healthy volunteers. The flow-mediated
dilation in the femoral artery of paraplegic patients, how-
ever, is preserved and was found to be even higher in these
patients than in control subjects [109]. Another example
of arterial diameter adaptation to chronically applied
shear stress is the development of collaterals in ischemic
disease: this development is enhanced by increased shear
stress [110]. One should bear in mind that the increase in
arterial diameter in response to acutely and chronically
enhanced wall shear stress has its limits, the maximum
increase in diameter of the brachial artery being about 15
[111] and 35% [112], respectively.

Flow-Mediated Arterial Dilation

It is basically the arterial dilation in response to an
acute increase in shear stress that is made use of clini-
cally to test the integrity of the endothelium [113-115].
Flow, and, hence, shear stress, is increased by the admin-
istration of vasodilators or by inducing reactive hyper-
emia, and the induced increase in arterial diameter is
recorded by ultrasound or MRI. The assessments are
made in the brachial artery. In patients with such dis-
eases as hypertension and atherosclerosis, increased vol-
ume flow is followed by no or only reduced arterial dila-
tion which is interpreted as disturbed endothelial cell
function. In community-based studies, flow-mediated ar-
terial dilation was found to be inversely related to risk
factors as smoking, systolic blood pressure and elevated
mass index, positively related to prior exercise [116], and
inversely associated with carotid artery IMT [117]. Al-
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though straightforward at first sight, the test presently in
use is subject to criticism.

Although the ultrasound systems used to non-inva-
sively track the artery wall, enabling the assessment of
changes in arterial diameter, can resolve displacements
of a few micrometers within a cardiac cycle, they are un-
suited to track changes during arterial dilation. Repeated
assessment of the end-diastolic diameter results in a mea-
surement error on the order of the anticipated flow-in-
duced diameter changes, i.e. 0.2-0.4 mm [111]. Process-
ing of two-dimensional echo video images, a rather time-
consuming procedure, improves the resolution, but not
the repeatability of the measurement [118]. Moreover, in
conduit arteries, as the brachial artery, the degree of flow-
mediated dilation may depend on the original diameter
of the artery: the smaller the diameter of the artery is, the
greater the dilation will be [75, 119], which does not nec-
essarily reflect better endothelial cell function [75]. The
degree of flow-mediated dilation also depends on the rest-
ing wall shear stress level, the response being greater at
higher resting levels [119]. Moreover, the response to a
flow stimulus is tested under extreme flow conditions,
driving the associated increase in diameter to extreme
values over a relatively short period of time. This should
be kept in mind, especially since the mechanism of flow-
mediated dilation is highly sensitive to the nature of the
shear stress stimulus [120]. It has been argued as to wheth-
er the reduced flow-mediated dilation, as seen in relation
to cardiovascular risk factors (see above), represents dis-
turbed endothelial cell function or results from a reduced
stimulus for dilation under these circumstances [121]. All
these uncertainties, which cannot adequately be explained
at the present state of the art, make the outcome of the
test questionable. Another complicating factor is that en-
dothelial cell (dys)function is not determined in the arte-
rial system at a site of preference of atherogenesis, but in
the brachial artery which is relatively devoid of athero-
sclerosis. Therefore, it would be more appropriate to as-
sess the relation between changes in flow, or preferably
in wall shear rate, and changes in diameter in arteries
prone to the development of atherosclerosis. This could
be achieved by following a similar approach as in the
newly developed technique to determine stretch-induced
baroreceptor sensitivity [59, 122] and to continuously re-
cord spontaneous variations in wall shear rate and arte-
rial diameter, and to assess the transfer function from
shear changes to diameter changes. The continuous re-
cording of arterial diameter changes is operational in our
institute, but the continuous recording of wall shear rate
1s still problematic because of the high processing power
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required. The procedure can be simplified considerably,
if in large arteries the shape of the velocity profile will re-
produce over consecutive cardiac cycles as in arterioles
[34]. Then, instead of wall shear rate center-stream flow
velocity or cross-sectional mean flow velocity can be used
as input parameter. This approach is under investigation
in our institute.

Discussion and Conclusions

Wall shear stress has been shown to be an important
determinant of endothelial cell function and the gene ex-
pression by these cells as well as of their structure. There
isincreasing evidence that genes are differently expressed,
depending on the level and the type of shear stress they
are exposed to. Most of the information about the effect
of shear stress on endothelial cell function and structure
has been obtained in in vitro studies, generally exposing
endothelial cells to shear stress levels derived from
theory.

It was not until recent years that methods became
available to assess wall shear rate, and, hence, wall shear
stress, in vivo. The approach most commonly used now-
adays is to derive wall shear rate from the actual velocity
profiles recorded in the microcirculation with the use of
fluorescent nanometer particles as velocity tracers and in
large arteries by means of ultrasound or MRI. Shear rate
distributions across the arterial diameter are derived by
determining the radial derivative of the velocity profile
at each site and each time instant. From these distribu-
tions, peak, mean and cyclic shear rate can be obtained.
In arterioles, wall shear stress is estimated as the product
of wall shear rate and plasma viscosity, because in these
vessels blood flow velocity can be measured close to the
wall. In large arteries, whole blood viscosity is used in this
calculation, because in these vessels the layer of plasma
skimming is negligibly small (3-7 pm) relative to the size
of the sample volume of the ultrasound and MRI systems.
Blood flow velocities cannot be measured closer to the
wall than 250-300 pwm with ultrasound systems and than
1,000-1,200 wm with MRI. Therefore, especially in large
arteries and more specifically with MRI, the wall shear
rate values presented in this review have to be considered
as least estimates, because shear rate increases towards
the wall. However, in large arteries, the wall shear stress
values estimated at a distance from the wall will not be
too different from those at the wall, because viscosity is
lower near the artery wall than more centrally in the ves-
sel; the underestimation of shear stress at the wall being
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approximately 10%. Despite the limitations, MRI and
especially ultrasound, being both non-invasive tech-
niques, have provided valuable information about the
level of wall shear stress along the arterial tree in humans.
One should bear in mind that in MRI not only the spatial
resolution, but also the temporal resolution is limited, the
latter requiring special precautions to be able to study
dynamic processes. An advantage of MRI over ultra-
sound techniques is that the artery walls can be identified
more reliably with MRI.

An important lesson learned from the human studies
is that mean wall shear stress is far from constant along
the arterial tree as predicted on the basis of the theory of
minimal energy expenditure. Only in the human elastic
common carotid artery and in rabbit arterioles mean wall
shear stress 1s on the average within the limits of the val-
ue predicted by theory, i.e. 1.5 Pa £ 50% (table 2). In the
human muscular femoral and brachial arteries, mean wall
shear stress is substantially lower, varying on the average
between 0.3 and 0.5 and between 0.4 and 0.5 Pa, respec-
tively, in the different populations studied (table 3). The
lower mean wall shear stress in the brachial and femoral
arteries than in the common carotid artery at rest can be
explained by the high peripheral resistance in the former
two arteries, causing reflections thereby reducing mean
wall shear stress. Because adaptation of peripheral resis-
tance by vasodilatation results in mean wall shear stress
values not significantly different from those in the com-
mon carotid artery, it may be concluded that mean wall
shear stress is regulated locally. The low mean wall shear
stress in the femoral and brachial arteries at rest is logic
from a physiological point of view: it allows for an in-
crease in mean wall shear stress during exercise without
reaching high levels that could be damaging to endothe-
lial cells.

The arteriolar wall shear stress values presented in this
review are determined in non-regulating mesenteric arte-
rioles and are not necessarily representative of the values
in regulating arterioles as in skeletal muscle. Insight into
the latter values is important, among others, to be in-
formed of the level of wall shear tress at which endothe-
lial cells control autoregulation. To the best of our knowl-
edge, no values of wall shear stress in skeletal muscle ar-
terioles, based upon in vivo measurements, have been
published.

Within artery bifurcations, differences in mean wall
shear stress have to be appreciated, too. It is of interest to
note that the differences in mean wall shear stress ob-
served near the posterior walls in the carotid and femoral
artery bifurcations of presumed healthy volunteers do
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have structural consequences: in these walls, IMT is great-
est in the areas of lowest mean wall shear stress. Also, in
normal coronary arteries, wall shear stress and IMT cor-
relate negatively. In the limited studies available, no cor-
relation could be found between wall shear stress and
artery wall dynamics.

The prediction of theory that mean wall shear stress is
a regulated parameter is confirmed by in vivo observa-
tions. In case of acute changes in flow or in viscosity,
mean wall shear stress barely changes due to diameter
adaptation and in the latter also due to a reciprocal change
in wall shear rate. Also, over longer periods of time, mean
wall shear stress seems to be regulated well. In the com-
mon carotid artery, mean wall shear stress decreases only
slightly, in both men and women, between the age of 20
and 60 years, the values at older age remaining within the
limits predicted by theory. In the brachial and femoral
arteries, mean wall shear stress does not change with in-
creasing age at all. The slight, but significant decrease in
mean wall shear stress in the elastic common carotid ar-
tery can be explained by the increase in diameter of this
artery at older age to limit the loss of arterial compliance
as a consequence of the stiffening of this artery with in-
creasing age. This is an example of competition between
two regulatory mechanisms. Although mean wall shear
stress seems to be regulated well, in humans inter-indi-
vidual differences have to be appreciated, while in non-
regulatory vascular areas, like the mesenteric artery,
wall shear stress varies substantially with blood flow ve-
locity.

The wall shear rate values derived from the in vivo
recorded velocity profiles, and, hence, the wall shear stress
values, are substantially higher than those calculated on
the basis of a parabolic velocity profile. In both arterioles
and large arteries, mean wall shear rate is on the average
underestimated by a factor of about 2, when assuming a
parabolic velocity profile. This underestimation does not
only affect calculated wall shear stress, but also calculated
or determined whole blood viscosity, which strongly de-
pends on shear rate. Therefore, calculation or determina-
tion of whole blood viscosity at too low wall shear rate,
leading to overestimation of whole blood viscosity, may
erroneously result in correct wall shear stress values.

The differences in mean wall shear stress along the ar-
terial tree observed in vivo do have consequences for in
vitro studies regarding the effect of shear stress on endo-
thelial cell function and structure. This effect should be
studied at the wall shear stress value the endothelial cells
are exposed to in real life; no general value can be taken
for endothelial cells derived from different vascular areas.
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What is normal for one type of endothelial cell can be too
high or too low for another. Because in most of the in vi-
tro studies the shear stress levels applied to the endothe-
lial cells are theoretically assumed or calculated based
upon Poiseuille’s law, the underestimation of mean wall
shear stress, when assuming a parabolic velocity profile,
has to be considered as well. Application of the right lev-
el of shear stress to specific endothelial cells is of utmost
importance, because the pattern of gene expression has
been shown to be dependent on the level of shear stress
applied. For example, shear stress levels of 1.0-1.5 Pa
induce atheroprotective endothelial gene expression pro-
files, while shear stress around 0.4 Pa induces the expres-
sion of an atherogenic phenotype. The latter complies
with the observation that in artery bifurcations the devel-
opment of atherosclerosis preferentially occurs in areas
of disturbed laminar flow, associated with low wall shear
stress. Also, the type of shear stress applied affects gene
expression. It is still incompletely understood whether
negative shear stress, present at sites of preference of ath-
erogenesis, expresses an atherogenic endothelial gene pro-
file.

Although the ultrasound and MRI techniques pres-
ently available to non-invasively assess wall shear rate,
and, hence, wall shear stress, in vivo have provided im-
portant information, they do have their limitations. Not
only is the spatial resolution of the systems limited (see
above), but at the present state of the art, wall shear rate
can reliably be determined only in relatively straight ar-
teries. This is a serious limitation, because information
about the level of wall shear stress and its direction in ar-
tery bifurcations, especially opposite to the flow divider,
is of utmost importance when studying the role of wall
shear stress in atherogenesis. In our institute, we are work-
ing on a different approach to the assessment of wall shear
rate, using multiple lines of observation (multiple M-line
technique), that may allow the assessment of the shear
rate distribution in the carotid artery bulb. This approach
may also be used to record wall shear rate over longer
periods of time, making it possible to relate temporal
changes in wall shear rate to temporal changes in diam-
eter to provide a better method to assess endothelial cell
(dys)function in the clinic. If successful, this approach can
be used in arteries prone to atherosclerosis, provided that
they are accessible by ultrasound. This can be considered
as a major advantage, because at the present state of the
art endothelial (dys)function is assessed in the brachial
artery that is practically devoid of atherosclerosis.
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