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Chapter 1

1.1 Introduction

Atherosclerosis is a disease of the great arterial vessels related to risk factors such

as smoking, high serum cholesterol, homocysteinemia and diabetes mellitus.

Because hypertension is recognised as a major risk factor for developing

atherosclerosis, biomechanical aspects of the arterial system have also been

considered in atherogenesis. Additional evidence of biomechanical causes Is

presented by the fact that atherosclerosis only appears in the (high blood pressure)

arterial system and not in the (low blood pressure) venous system. Due to the focal

appearance of atherosclerosis it is also inferred that local hemodynamic factors are

related to the development of this disease.

The basic internal mechanical forces in the circulation system acting upon the

vessel wall are transmural pressure and shear stress (figure 1.1). Transmural

pressure is induced by the (cyclic) blood pressure, which acts perpendicular to the

wall and produces a (cyclic) stretch of the vessel wall. Wall shear stress represents

the force field exerted by the flowing blood on the inner vessel wall tangential to the

vessel wall.

AP

ess
!•

Figure 1.1

Pi and P̂  are fne Wood pressures perpend/cu/ar to fne vesse/ waff. Wa// s/jear

s/ress /s fne force fie/d fangenf/a/ to fr>e vesse/ wa//. .4P /s fr»e pressure d/fference

W/7/C/J /s fhe dnv/ng force to /nduce ftotv, tv/w/e wa// snear sfress and fne /nerf/a o/

btood form frie oppos/te to flow.
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General introduction

Due to the focal and time dependent character of wall shear stress and its direct

interaction with the inner vessel wall, this hemodynamic factor is considered to be of

importance in atherogenesis. Pathology studies indeed indicate that atherosclerotic

lesions are mainly found at branches and bends of the arterial tree (Nerem 1992)

where temporal and spatial variations of wall shear stress are dominant and mean

shear stress is low relative to the pulsatile component. A causal role of wall shear

stress is less obvious, but it is generally accepted that this hemodynamic factor

modulates the pathobiologic processes, via interaction with the endothelium of the

arterial wall, which are inherent to the development of atherosclerosis.

Experimental findings in dogs (Fry 1968) indicated that atherosclerotic lesions in the

aorta occur preferentially at arterial walls subjected to high wall shear stress (35-40

Pa). It was suggested that such high wall shear stresses resulted in mechanical

damage of the arterial endothelium thereby initiating vessel wall pathology. I his

hypothesis was known as the high shear stress theory.

In contrast Caro et al. (Caro et al. 1971) proposed that low wall shear stress had to

be considered of significance in the pathogenesis of atherosclerosis. They analysed

In detail in post-mortem specimens the relation between the localisation of plaques

and local hemodynamics. It was demonstrated that early atherosclerotic lesions in

human arteries were predominantly observed in low shear regions. These

investigators suggested that low shear stress interferes with mass transport

between endothelium and blood thereby inducing vessel wall pathology. Ever since

it is generally accepted that predilection sites for atherosclerosis are related to low

wall shear stress (Friedman et al. 1981, Ku et al. 1985, Nerem 1992, Nerem 1995).

The presently accepted studies for wall shear stress in the arterial system are

based on principles of minimum work (Murray's law). This law refers to an optimally

designed system that requires the least power to perform its function. Calculations

based on Murray's law show that in the arterial system wall shear stress values are

on the order of 1.5 Pa ± 50% (Kamiya et al. 1984, Zamir 1977).

12



Chapter 1

In other words, wall shear stress is of such a small magnitude (a factor of ten

thousand smaller than blood pressure) that probably only endothelial cells are

affected by wall shear stress, while other cells in the vascular wall, such as smooth

muscle cells, remain unaffected. After Furchott and Zawadski (Furchott and

Zawadski 1980) discovered that endothelial cells are key cells in arterial wall

functioning, biomechanical research regarding the interaction(s) between shear

stress and endothelial functioning became self-evident. Indeed, studies have shown

that endothelial cells, both in in-vivo and in-vitro conditions, respond to wall shear

stress by inducing protein synthesis, by changes in metabolism and by alterations of

their structure and morphology (Cornhill and Roach 1976, Dewey et al. 1981,

Flaherty et al. 1972, Nerem et al. 1993). At present, much research is performed to

elucidate wall shear stress cell-signalling and transduction pathways at the bio-

molecular level (Davies 1995, Davies 1991).

The impact of wall shear stress in the circulation is obvious, although the underlying

mechanism leading to vessel wall pathology is poorly understood. Several studies

clearly point to a role of wall shear stress in vessel wall modifications. For example,

a correlation was observed between low wall shear stress and intimal thickness

(Friedman et al. 1981), and, between both high and low wall shear stress and

intimal hyperplasia (Glagov and Zarins 1989), a proliferation of smooth muscle cells

causing obstructive complications for almost every type of vascular intervention like

percutaneous transluminal coronary angiography (PTCA), coronary and peripheral

arterial bypasses grafting and the construction of arterio-venous fistulas for

hemodialysis (Dobrin 1995).

Since wall shear stress has such an impact on the functioning of the arterial vessel

wall, the compelling question arises regarding the role of wall shear stress in

atherosclerosis related risk factors, such as ageing, smoking and atherosclerosis

related diseases such as hypertension, diabetes mellitus, homocysteinemia and

chronic renal failure. A basic problem is that wall shear stress is difficult to measure

directly and non-invasively due to technical inabilities. However, wall shear stress

can be derived from two measurable parameters: wall shear rate, i.e. the velocity

gradient at the wall, and local fluid viscosity. The blood flow velocity gradient can be

13



General introduction

estimated from the assumed or measured velocity profile. The estimation of local

blood viscosity is based on subjecting a blood sample to a viscometer, hereby

taking into account the effect of the observed shear rate.

Several methods are available to determine wall shear rate. The Hot Film

Anemometer provides a mean to assess the wall shear rate, but the procedure is

highly invasive, while the spatial resolution is limited to 1 mm (Ling et al. 1968,

Rueben et al. 1970). Laser Doppler Anemometry provides an alternative, but this

method requires a translucent wall and, hence, can only be applied in model studies

(Hayashi et al. 1996, Ku and Giddens 1987). Magnetic Resonance Angiography

(MRA) is non-invasive and has a good penetration depth, but its spatial resolution is

presently inadequate to estimate the velocity gradient especially under pulsatile

conditions near a distending arterial wall (Caro et al. 1992). Until recently the most

frequently employed method to estimate wall shear rate is based on assuming the

(parabolic) shape of the cross-sectional blood flow velocity distribution (Safar et al.

1981, Simon and Levenson 1990). By assuming the shape of the velocity profile

and measuring arterial diameter and centre stream velocity blood flow velocity

(recorded with a conventional ultrasound system), wall shear rate can be estimated

(chapter 3). However, under pulsatile conditions the shape of the velocity

distribution gradually changes during the cardiac cycle, limiting the validity of this

method.

Despite the obvious significance of wall shear stress for the functioning of the

arterial system and possible pathophysiological consequences, human studies are

lacking. Recently in the Cardiovascular Research Institute Maastricht (CARIM) a

Shear Rate Estimating System (SRES), based on ultrasound, was developed to

assess non-invasively wall shear rate in humans. The system allows the direct

assessment of the instantaneous velocity distribution, and hence the velocity

gradient (shear rate), close to the wall in human arteries. By taking blood viscosity

into account, wall shear stress can be estimated. It was the purpose of the present

study to evaluate the performance of this system and to investigate the behaviour of

peak and mean wall shear rate and stress in the common carotid artery under

physiological and pathophysiological conditions. In a later phase of the study the

SRES was also used to assess wall shear rate and stress in the brachial artery

under resting conditions.

14
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1.2 Aims of the study

The study is divided into 5 parts:

1. Investigation of the reliability of the Shear Rate Estimation System (SRES) in

terms of reproducibility and validity.

2. Values of wall shear stress employed are generally based on model studies;

values derived from in vivo studies, especially in humans are scarce.

Moreover, its relation to age and sex is unknown. Therefore, wall shear

stress in the common carotid artery in humans was assessed to obtain

physiological values and its dependence on age and gender, if any.

3. Smoking is a habit, which is known to increase the risk for cardiovascular

diseases. It was investigated whether wall shear stress in the common

carotid artery is different in smoking and non-smoking male subjects.

4. Chronic renal failure is a risk factor for atherosclerosis. The underlying

mechanism, however, is unclear. This renal disease induces remodelling of

the arterial system, i.e., enlargement of arterial diameter. It is hypothesised

that the increase in diameter results in a low wall shear stress, which could

attribute to the early development of atherosclerosis. Therefore, wall shear

stress was assessed in patients with end stage renal failure.

5. It is generally accepted that wall shear stress has a more or less constant

value along the arterial system and is independent of the type of artery

and/or its vascular territory. To test this hypothesis a study was undertaken

to compare wall shear stresses in the (elastic) common carotid and the

(muscular) brachial artery.
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Chapter 2

2.1 Historical aspects

The first observation, which alluded to the significance of wall shear stress, was as

early as in 1761. In that year William Hunter observed a diameter increase of

vessels in the microcirculation after the increase of blood volume flow (Hunter

1761). The cause for this phenomenon was not given. It was probably the first

observation that volume flow itself or some factor related to volume flow could affect

the vessel wall. In 1893, Thoma observed the significance of blood flow in the

developing arterial tree of a chicken embryo: vessels with sustained flow continued

to grow, while vessels with flow cessation degenerated (Thoma 1893). In 1933,

Schretzenmeyer described acute dilatation in the femoral artery of the cat during

work hyperaemia (Schretzenmayr 1933). The mechanism leading to the observed

dilatation was not explained. In 1969 Taylor et al. provided evidence that blood

volume flow itself was responsible for vasodilatation. They observed that an

increase in blood flow, by constructing an arteriovenous connection in the femoral

artery of dogs, induced an increase in arterial diameter. The investigators

hypothesised that the adaptive response of the diameter was due to a signal from

the microcirculation, either via nerves or via the smooth muscle coat of the artery.

This hypothesis was rejected in 1970 when Lie and co-workers observed that the

flow dependent dilatation persisted in an isolated artery (Lie et al. 1970), leading to

the conclusion that a local factor related to flow must be responsible for the

diameter increase. In that same year Rodbard proposed that the "hydraulic drag",

exerted by the flowing blood on the vessel wall, plays an important role in the

dilatation of the artery. He suggested a feedback mechanism via endothelial cells

causing an increase of the arterial diameter in order to maintain the drag of the

flowing blood at a specific and constant value (Rodbard 1970, Rodbard 1975).

This theory gained support when Zamir et al. calculated wall shear stress in the

arterial tree, based on minimum cost principles as developed by Murray et al.

(Murray 1926). They arrived at a wall shear stress at every point in the arterial tree

at the same constant value of 1.5 Pa (15 dyne/cm*) ± 50% (Zamir 1977). In 1980,

another support for Rodbard's hypothesis came forward in the study performed by

Kamiya et al. (Kamiya and Togawa 1980). They investigated the diameter of the
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common carotid artery of dogs 6 months after the flow was deliberately increased

via an AV-fistula. They found a significant diameter increase and hypothesised that

the observed dilatation resulted from an attempt to restore the initial wall shear

stress to 1.5 Pa. In 1985 this observation and conclusion was confirmed by Guyton

et al. who observed that also volume flow restriction inhibits the growth of the

diameter of the common carotid artery in juvenile rats (Guyton and Hartley 1985).

They also pointed out that age was an important factor in the ability of the vessel to

adapt its diameter. In 1986, Langille and O'Donell used the same protocol as

Guyton and made similar observations in the common carotid artery of rabbits. They

also observed that the vascular wall response was endothelium dependent, again

an indication for a direct relationship between blood flow and the endothelium. In

1992, Tohda et al. reported that at the endothelial desquamated portion of a

shunted artery arterial dilatation to an increase in volume flow did not occur (Tohda

et al. 1992). Today, it is the general view that the drag of the flowing blood, i.e., wall

shear stress, is an important hemodynamic parameter that is maintained at 1.5 Pa

under acute and chronic circumstances. This level is regulated via adaptation of the

arterial diameter to volume flow changes via interaction with the endothelium

(Anayiotos et al. 1994, LaBarbera 1990, Nerem and Girard 1990).

As the importance of wall shear stress was acknowledged, the relationships

between wall shear stress and vessel wall pathology was also investigated in a

simultaneous manner. In 1966 Fox and Hugh observed that the localisation of

atheromas correlated with regions of boundary layer separation (Fox and Hugh

1966). Such locations are focal regions where flow reversal takes place temporarily

as a consequence of an instantaneous adverse pressure gradient. It is precisely in

those regions where predominantly low mean wall shear stress exists. This theory

was called the low shear theory. In contrast, in 1968 a high shear theory was born

as in the aorta of dogs atherosclerotic lesions were found predominantly at locations

experiencing excessive high mean wall shear stress (35-40 Pa) (Fry 1968). It was

thought that such high shear stress could induce mechanical damage to the

endothelium resulting in the initiation of atherosclerosis. In 1971, however, Caro et

al. found more evidence for the low shear theory when they analysed in detail the

influence of hemodynamics in human aortas on atherosclerotic lesions and found
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that areas of low shear stress correlated to the occurrence of plaques (Caro et al.

1971). Moreover, they suggested that atherogenesis might be due to a pathologic

shear dependent mass transport mechanism between blood and the endothelium.

In 1981, Friedman et al. suggested that not only the level of shear stress could be of

importance in atherogenesis, but also the pulse shear rate (difference between

maximum and minimum shear rate) (Friedman et al. 1981). They also found a

negative correlation between the level of mean wall shear stress and vessel wall

thickness. In 1984 Davies et al. observed that mean wall shear stress levels below

1.5 Pa produced a time and force dependent increased uptake of extracellular fluid

via plasmolemmal vesicles. This finding implies that low mean wall shear stress

levels can modulate transendothelial transport. In 1985 Ku et al. (Ku et al. 1985)

confirmed the observations of Friedman et al. They studied flow in casts of human

carotid bifurcation and found that intimal thickening was predilected to regions of

low and oscillatory wall shear stress. Whether intimal thickening is related to

atherosclerosis is still unclear, although present studies indicate that intimal

thickening in the common carotid artery could be indicative of the development of

atherosclerosis (Bots et al. 1996). However, some investigators see intimal media

thickening as a normal development of the vascular wall within life (O'Rourke 1995,

Stary 1997). In 1995 Dobnn et al. found wall shear stress to be related to another

form of vascular disease, namely intimal hyperplasia (Dobrin 1995)

An important stimulus in the research on the biologic significance of wall shear

stress in the circulatory system came forward in 1980, when Furchott and Zawadski

made a startling discovery via experiments in segments of arteries. They found that

vasodilatation was directly related to the endothelium (Furchott and Zawadski

1980), the target cells of wall shear stress. As a consequence, the interactions

between wall shear stress and endothelium gained further attention. Indeed, it was

found that wall shear stress is able to affect the endothelial cell anatomically,

functionally and metabolically (see chapter 2.3 for details). For example (figure 2.1),

wall shear stress causes the release of endothelium derived relaxing factors

(EDRFs), like nitrate oxide (NO) and prostacyclin (Frangos et al. 1985), leading to

vasodilatation (Cooke et al. 1990, Koller et al. 1993), or endothelium constricting

factors (EDCFs). like endothelin, leading to vasoconstriction (Malek and Izumo
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1994, Sharefkin et al. 1991, Yoshizumi et al. 1989). At present a large number of

biomolecular investigations are performed to elucidate shear stress cell-signalling

pathways. In 1988 Olesen et al. observed a possible shear stress sensing

mechanism via K* channels in the endothelial membrane (Olesen et al. 1988).

Other studies indicate that shear stress induces an increase of intracellular [Ca^*]

(Dull et al. 1991, Olesen et al. 1988). In 1993 indirect evidence of a G-protein

involvement in flow related K* channel activity was observed (Ohno et al. 1993).

The identification of cellular mechanisms associated with shear stress or flow signal

transduction can thus potentially lead to therapeutic interventions in the area of

vascular diseases such as vasospasm, hypertension, intimal hyperplasia, intimal-

media thickening and atherogenesis.

SMC

EC •

EDCF \
fendotheline vasoconstriction

—H-ti blood flow

EDRF vasodilatation

•nitric oxide ————'
prostacyclin

Figure 2.1

H/gri sriear sfress /nduces vasodtofaf/on. wri/7e tow sriear s/ress /nduces

vasoconsfricfion /n order to ma/nfain sftear sfress af a consfartf /eve/.

SMC: smoo/ri muscte ce// /ayer, EC endofr>e/ia/ ce// /ayer; EDCF. endotf?e//a/

derived consfricftnp factor EDRF. endofriete/ derived re/ax/ng factor.
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According to Nerem (Nerem 1995), it can be concluded that in historical perspective

the role of wall shear stress or wall shear rate in atherosclerosis has moved forward

in a series of "chapters". In the 1960s the debate prevailed regarding the high/low

shear stress years. The 1970's can be called shear pattern years. I.e., the

correlation of the patterns of the velocity blood flow profile to the pattern of

atherosclerosis, including the question whether there is any influence of local

hemodynamics on vascular biology. In 1980s the How at the heart of cell biology"

came forward as cell culture techniques advanced and the effect of shear stress on

endothelial layers could be studied. The 1990s can be seen as the "integration

years" as knowledge of shear stress behaviour in the arterial system was integrated

at the cellular and molecular levels. This resulted in a better understanding of the

biologic processes regulating homeostasis of the arterial wall, while simultaneously

sensitive measurements systems were developed to measure wall shear stress

behaviour in vivo.

2.2 Wall shear stress and arterial fluid mechanics

2.2.1 Stationary flow conditions

To understand the relationship between wall shear stress and other hemodynamic

parameters of the arterial system, it is best to start with flow under stationary flow

conditions, such as flow through rigid cylindrical pipes of a constant diameter.

Poiseuille's law governs the flow through these systems. This law states that the

rate of volume flow is directly proportional to the fourth power of the internal radius

and the pressure difference, and inversely proportional to tube length and viscosity:

(M)

where O = volume flow;

Pr-P* = pressure drop along a tube segment with length L;

fl = internal radius of the tube;

r; = fluid viscosity
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The basic assumption is that every particle is moving parallel to the axis, and that

the particles will be arranged in cylindrical laminae (figure 2.2).

The centre lamina will move at the maximal velocity and the lamina at the wall with

zero velocity assuming no slip at the wall. Each outer layer of a lamina is subjected

to a constant force field, so that it maintains a constant velocity along the

longitudinal axis of the tube. This force field, shear stress, opposes fluid motion.

Shear stress is proportional to the local fluid viscosity and local velocity gradient

(tfv/ftV), ie., the changing velocity that occurs along the radius (fl) of the tube. The

local velocity gradient is also called the local shear rate (>):

(2-2)

Shear stress, r, is given as:

6V. (2-3)

where j | is the viscosity of the fluid.

R

Figure 2.2

Po/seu/7/e flow of a Newton/an flu/d fhrough a rig/d cy//ndrica/ fube. The mof/on of

fhe /iqu/d »s p/cfured as ff>e fe/escop/c s//d/no. of cy//nders over eac/? otfier The

teyer af tf?e wa// /s af resf and fhe ve/oc/ry /n fhe ax/a/ d/recf/on /ncreases

parabo/fca//y. on/y af sufffCf'enf tong entrance tengf/i, tv/tf) rad/a/ d/sfaocs r,

reach/ng a max/mum af ff?e fube axis
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Wall shear stress can be described as function of pressure (Strandness and

Sumner 1975):

Using equation (2-1). expression (2-4) is frequently expressed as function of volume

flow (O):

4r/Q 32/jQ
4/rD'

(2-5)

Thus under steady laminar flow and a constant fluid viscosity wall shear stress is

simply determined by volume flow and diameter of the tube.

Assuming constant flow to tissue, it seems likely that the vascular system is able to

maintain wall shear stress constant by a diameter adaptive autoregulatory negative

feedback mechanism. This hypothesis was fitted in the statistical analyses of

vascular branching systems where blood volume flow through a vessel is related to

its internal radius (Kamiya et al. 1984).

2.2.2 Pulsatile flow conditions

In the above assumptions Q is considered constant, which does not take into

account the time dependent behaviour under pulsatile conditions. Therefore, to

assess the time-dependent shear rate, the time dependent velocity distribution must

be determined, at least theoretically.

In a circular shaped lumen a symmetric velocity profile can be described as:
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where Vm is the maximal velocity in the centre of the vessel and n the bluntness

factor; the higher the bluntness factor the flatter the velocity profile. When the

bluntness factor is 2, the velocity profile will be parabolic (figure 2.2).

Using equation (2-2) wall shear rate (yw) can then be calculated as

1
where vfrj is the observed or modelled velocity distribution as function of the radial

position r, and f? the internal radius of the vessel. Combining equation (2-6) and

(2-7) wall shear rate can be expressed as:

-^=- (2-8)

Integration of expression (2-4) over the cross-sectional area of the lumen (^= ;rf? )̂

gives the mean velocity, v, as function of the maximal velocity Vm, radius fl and

bluntness factor n:

Substitution of expression (2-9) in (2-8) results in:

(2-10)
n

Wall shear rate can then be deduced from mean flow velocity and arterial radius

and, hence, from O, as:

Q=V*fl* (2-11)
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Combination of expression (2-10) and (2-11) gives:

(2-12)

For n=2 and taking fluid viscosity into account, the latter equation Is the same as

expression (2-8) (Poiseuille's law). The latter approach is very sensitive to slight

variations in estimated diameter. It is most frequently used in non-invasive (e.g.

ultrasound) studies, thereby assuming a constant blood viscosity.

In order to evaluate the time dependent behaviour of wall shear stress or wall shear

rate in pulsatile conditions the time dependent velocity profile needs to be

determined. It can be expected that velocity profiles in the mammalian arterial tree

are not parabolic, because of pulsatile blood flow and changing arterial geometry. In

these conditions a different wall shear rate can be expected than under stationary

conditions. Measurements in the arterial systems by heated film anemometer,

intraluminal Doppler, Laser Doppler (Nichols and O'Rourke 1990) and ultrasound

studies have confirmed blunted velocity profiles (Reneman et al. 1985).

The factor that affects the shape of the velocity profiles is given in the non-

dimensional frequency parameter a. as provided by Womersly (Nichols and

O'Rourke 1990):

(2-13)

where f? = internal radius [m]

f = pulse frequency [s ']

p = specific gravity of blood [kg.m *]

rj = viscosity of blood [Pa.s]

In fact, a represents the ratio between mertial and viscous forces in the flowing

blood. When it increases, a flatter velocity profile can be expected because then the

inertial forces dominate, resulting in less shear in large arteries.
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2.3 The viscosity of blood (77)

The viscosity of a fluid may be considered as the resistance to flow, as the layers of

the fluid exhibit intermolecular attractions that tend to resist deformation.

Considering viscosity, a fluid can be Newtonian or non-Newtonian. By definition, the

viscosity in a Newtonian fluid is constant at all shear rates, while the viscosity in a

non-Newtonian fluid varies with shear rate. A non-Newtonian liquid can be

categorised in shear thickening and shear thinning fluids. In shear thickening fluids,

the viscosity increases when shear rate increases, e.g., wall paper paste, while

shear thinning fluids are fluids where viscosity decreases as shear rate increases.

Blood is among the latter.

Rinnrt ran h<» ueon ac a flnirl with prvthrnr.vtp«; «usn*»ndpd in nlasma (Dintenfass

1976). Therefore, the viscosity of blood is determined by the following parameters:

a) the concentration of red blood cells (hematocrit);

b) the viscosity of plasma;

c) the aggregation capacity of red blood cells;

d) the flexibility of the erythrocyte membrane, which depends on the internal

viscosity of the erythrocyte determined by the physical condition of the

haemoglobin and the geometry of red blood cells. The flexibility of the

erythrocyte membrane plays a minor role in the macrocirculation, but

becomes very important in the microcircuiation (Nichols and O'Rourke 1990).

The viscosity of blood can be regarded as linearly dependent on cell concentration

from zero percent (plasma) to a hematocrit of about 45% at normal shear rates

above 90 s"' (Nichols and O'Rourke 1990). In literature, blood viscosity is frequently

estimated to be about 3.5-4.0 mPa.s at a hematocrit of 45 percent and shear rates

greater than 90 s ' (Nichols and O'Rourke 1990).
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2.3.1 Influence of plasma viscosity

Plasma is a suspension of water with electrolytes (7-7.5 g/100 ml) and proteins.

Large molecules such as albumin, fibrinogen and globulin mainly determine the

viscosity of plasma. A positive linear relationship exists between the concentration

of proteins and plasma viscosity (Chien et al. 1966, Dintenfass 1976). Plasma is

regarded as being Newtonian (Nichols and O'Rourke 1990). The viscosity of plasma

in healthy subjects is on the order of 1.2 mPa at 37"C. The effect of proteins on

blood viscosity is not only via an influence on plasma viscosity perse, but also via

red cell aggregation and the effective fluidity of erythrocytes (Dintenfass 1985).

2.3.2 Influence of temperature

Blood viscosity depends on parameters such as hematocrit, erythrocyte

aggregation, plasma viscosity and internal viscosity of the red cell. Each of these

factors responds differently to changes of temperature. It is generally accepted that

a decrease or an increase of temperature leads to an increase or decrease of blood

viscosity, respectively. The viscosity of blood, however, does not vary with

temperature between 15°C-40°C, especially at high shear rates as under

physiological conditions (Dintenfass 1985). Thus, under normal in vivo conditions

temperature fluctuations have minimal effects on blood viscosity.

2.3.3 Assessment of blood viscosity

Blood viscosity can be measured by rotational viscometers using a plate to plate or

a cone to plate viscometer according to 2 principles:

1) "controlled shear stress method" where shear stress is set at a constant

value and shear rate is measured
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2) "controlled shear rate method" where shear rate is kept constant and the

viscosity can be calculated from the assessed shear stress.

In literature, measurements are frequently performed with a digital Brookfield

Viscometer (Nichols and O'Rourke 1990).

In 1969, Weaver, Evans and Wälder used a cone to plate viscometer to study the

effects of hematocrit and shear rate on whole blood viscosity; their measurements

were performed at a temperature of 20"C. The hematocrits were assessed using a

microhematocrit centrifuge. As a result of their thorough investigation they proposed

the following expression for calculating whole blood viscosity (WßV) in mPa.s:

log WßV = log r/o + »Hf (2-14)

where a = 0.03 - 0.0076 log(y)

rjo = plasma viscosity in mPa.s

Hf = hematocrit in percentage

y = measured shear rate

This approximation circumvents the practical problems associated with the direct

measurement of whole blood viscosity and takes into account the local effect of

shear rate. It will be used for the estimation of whole blood viscosity in the studies

described in the current thesis.

2.4 Wall shear stress related to biochemical factors

Upon exposure to wall shear stress the endothelial cell can secrete vasoactive

substances to mediate vasoregulation and expression of adhesion molecules, the

latter playing a significant role in inflammation and possibly also in atherosclerosis.

Most of the investigations on this interrelation have been performed with cultured

endothelial cells from human sources and a variety of animal species. Table 2-1

summarises most of the known responses of endothelial cells to shear stress.

These responses have temporal aspects: the fastest response occurs within

milliseconds and the slowest response takes several hours to occur.
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The relevance of these data is multipurpose:

1. If wall shear stress can be assessed in vivo, a link can be made between the

level of wall shear stress and the cellular events. This could open up new

alleys in the investigation of wall shear stress in the regulation of vascular

tone, vascular remodelling and focal atherogenesis. For example, if one

knows at which level wall shear stress induces the release of platelet growth

factor (PDGF, a potent smooth muscle cell growth factor), it could lead to the

development of biological techniques for intervention or prevention of intimal

hyperplasia.

2. The various intracellular changes can be linked to the different responses to

shear stress. For example, mechanisms that are linked to early changes of

intracellular calcium quantity are probably related to the activation of nitric

oxide synthase (NOS) a calcium dependent enzyme that is responsible for

the synthesis of the potent vasodilator nitric oxide (NO) from arginine.

Preceding the mobilisation of intracellular calcium is an elevation of inosityl

triphospate (IP3), the mobilisation of which in turn is preceded by the

activation of membrane receptors by e.g. acetylcholine and ATP. Whether

such receptors are sensitive to mechanical forces, ligands, or both is at

present unclear.

2.4.1 Shear stress vasoregulators

There is good evidence that shear stress induced vasodilatation involves the

enhanced release of endothelial derived relaxing factors (EDRF's) with as primary

components NO and closely related nitroderivatives (Moncada et al. 1991). NO is

an important EDRF in the vasculature. NO is a short-lived molecule (half-life time of

a few seconds in a physiological buffer) and can be scavenged by haemoglobin

(Buga et al. 1991). NO activates cGMP in endothelial and smooth muscle cells

resulting in vasorelaxation (Murad 1986). The elevation of cyclic guanine

monophosphate (cGMP) is proportional to the intensity of shear stress up to 4 Pa
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(40 dyne/cm*). Endothelial NOS (eNOS) is constitutively expressed at basal level

and its activity is calcium/calmodulin dependent (Lopez-Jaramillo et al. 1990). Thus

the mechanism(s) by which flow induces NO-mediated vasodilatation are focused

on the regulation of eNOS activity. eNOS anchors to the plasma membrane, which

could facilitate the shear activation of eNOS (Sessa 1994).

Additional shear mediated vasotonic control is provided by prostacyclin

(Prostaglandin I?, PGI?) (Frangos et al. 1985, Grabowski et ai. 1985). This

substance induces vasorelaxation, but with a lower potency than NO. Its half time is

longer than that of NO (about 3 minutes). In HUVEC (human umbilical vein

endothelial cells), PGI? synthesis and release is biphasic and after an initial rapid

release production declines for several hours before recovering to retain a steady

rate (Frangos et al. 1985). If pulsatile shear stress is applied, the steady state level

of PGb is significantly increased compared to the same average shear stress under

steady laminar flow conditions (Grabowski et al. 1985). The interplay between NO

and prostacyclin remains unclear. In arterioles of rat muscle, it appears that both

substances are involved in endothelial mediation of dilatation after increases in

blood flow. However, in hypertensive rats, the NO mediated arteriolar dilation was

impaired, whereas the PGb component was largely unaffected (Koller and Huang

1994). In other vascular areas, such as the basilar artery (Fujii et al. 1991) and

coronary microcirculation (Kuo et al. 1992), NO-mediated effects also appear to be

dominant over the role of

Another shear stress induced molecule is endothelin-1 (ET-1), which is a 21

aminoacid peptide derived from a 39 amino acid precursor (big endotheline) which

is the cleavage product of a 202-aminoacid peptide preproendothelin. It is a potent

vasoconstrictor synthesised and released by endothelial cells (Yoshizumi et al.

1989). Several isoforms exist, but only ET-1 is synthesised in the endothelium. ET-1

is also a growth factor for endothelial cells in an autocrine manner (Takagi et al.

1990) and smooth muscle cells (Komuro et al. 1988). Therefore, ET-1 may modify

arterial diameter by reorganisation of smooth muscle cells as in intimal hyperplasia.

NO inhibits the release of ET-1 in the aorta (Boulanger and Lusher 1990). It has

been shown that HUVEC released ET-1 at a low shear stress level of 0.18 Pa,
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whereas shear stress between 0.6-2.5 Pa for periods of longer than 6 hours

inhibited ET-1 release (Kuchan and Frangos 1993). Also down regulation of ET-1

mRNA was seen at shear stress of 1.5 Pa. The decline was evident 1 hour after the

onset of flow and completed after 2 hours (Malek and Izumo 1992). It has been

hypothesised that shear stress might influence ET-1 synthesis and release via F-

actin fibres in the endothelial membrane or even via the whole cytoskeleton (Morita

etal. 1993)

2.4.2 Cell-signalling

It has been stated that the shear stress distribution on the endothelial cell surface

depends not only on the velocity profile of adjacent fluid but also on the local three-

dimensional geometry of the cell surface. The latter could be responsible for the

observed heterogeneities in a number of flow induced endothelial biological

responses, including oscillations in intracellulair calcium both in vivo and vitro,

inhibition of endothelial cells in vitro or the expression of adhesion molecules. This

leads to the conclusion that the responses are specifically flow related and very

local regulatory mechanisms are responsible for the differences (Davies et al.

1997).

Moreover, flow sensors are linked to the intracellular cytoskeleton that concentrate

the stresses into and throughout the cell body (Wang et al. 1993). Davies et al.

proposed that some aspects of shear stress mediated signalling in the endothelium

could be located at focal adhesion sites, thereby transferring the stress forces

through the cytoskeleton (Davies et al. 1997). These sites are regions of anchorage

to the extracellular matrix. At these focal adhesion sites, a series of molecules

provides direct structural communication between the cytoskeleton and the

extracellular matrix through transmembrane proteins of the integrin family, allowing

both inside and outside signalling between the cell and its matrices

However, besides the shear stress cytoskeleton relationship, also labile chemicals

at the cell boundary layer may activate endothelial flow responses independently of

physical displacement of the cell (Davies 1995).
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As has already been stated there is evidence for involvement of K* ion channels in

the endothelial membrane, while also indirect evidence for G-protein involvement

has been found (Ohno et al. 1993). Both studies indicate the direct involvement of

the cell membrane.

2.5 Wall shear stress and gene regulation

Wall shear stress can affect the genetic program of the endothelial cell (table 2-2).

For example, shear stress is able to interfere with the physiological cell death signal

transduction involving a protease family (Dimmeier et al. 1996).

Table 2-2

Known effecte of snear sfress on gene regu/af/on.

TPa
ET-1

PDGF A

PDGFB

ET-1

c-fos

mRNA levels

large increase

large decrease

Time scale

24 h

24 h

ten fold increase 2-4 h (1.6 Pa)

two to three fold 2-4 h (1.6 Pa)

increase

increase 24 h (2.5 Pa)

large increase 24 h (2.5 Pa)

Ref

(Diamond et al. 1989)

(Kuchan and Frangos

1993, Sharefkin et al.

1991)

(Hsiehetal. 1991)

(Hsiehetal. 1991)

2.6 Wall shear stress and vessel wall remodelling

The term remodelling is used for a broad spectrum of geometrical and structural

alterations of the blood vessel, including flow induced changes in vascular structure
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and restenosis (Dzau and Gibbons 1993). The most obvious vascular remodelling

process occurs during embryonal development in vasculogenesis (de novo

formation of vessels) and angiogenesis (elaboration of vessels from pre-existing

vasculature). After birth, remodelling continues as the diameter of the large and

medium vessels in the arterial tree gradually increases with age (Baskett et al.

1990. Kawasaki et al. 1987, Leroyd and Taylor 1966). Although the vascular system

is considered as a stable system, there are indications that the circulatory system is

able to remodel structures in a surprisingly short time frame, i.e., within seconds

(Kaiser et al. 1986), if vasodilatation is also considered as a remodelling process. It

is very likely that mean wall shear stress is regulated through arterial diameter

changes. (Glagov et al. 1987, Kamiya et al. 1984)

2.6.1 Acute remodelling of the vessel wall by shear stress

Acute alterations of wall shear stress affect the endothelial cell at both the cellular

and the ultrastructural level and result in rapid remodelling of these cells (Nerem et

al. 1993). At the intracellular level F-actin exhibits profound redistribution when

shear stress is altered in vivo (Kim et al. 1989) or in vitro (Dewey et al. 1981, Sato

et al. 1987). However, in vivo it is not clear which levels of shear stress are

responsible for the alteration in F-actin distribution. An intriguing observation is that

remodelling of endothelial cells in response to a decreased flow also involves loss

of endothelial cells, while an increased flow induces proliferation of these cells

(Langille et al. 1989). Whether shear rate or shear stress is responsible is unknown.

In accordance, atrophy of the vascular supply to the corpus luteum during luteal

regression also results in deletion of endothelial cells, suggesting that shear stress

or shear rate might trigger apoptosis of endothelial cells (Azmi and O'Shea 1984). It

is thus not clear whether the adaptations of the endothelial cell number precedes or

follows diameter changes. It remains obscure whether shear stress and/or shear

rate directly stimulates cell deletion or proliferation or whether these changes are

secondary to changes in vessel luminal surface area to accommodate altered blood

flow.
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2.6.2 Wall shear stress and chronic remodelling

The first observation that mature arteries are capable to remodel their diameter was

probably made by Kamiya et al. in a dog model (Kamiya and Togawa 1980). In this

study increased flow was induced by creating an anastomosis between the carotid

artery and jugular vein. After 6 months it was observed that arterial wall shear stress

was restored to its initial level of 1.5 Pa via diameter enlargement. Afterwards many

vessel wall adaptations have been described. Zahns et al. reported an 84%

increase in medial cross-sectional area of iliac arteries in cynomolgus monkeys

after the flow was increased to tenfold for 6 months. Gired et al. have studied the

radial artery in hemodialysis patients and found that at the non-artenovenous side

the internal diameter increased to normalise shear stress (Girerd et al. 1995).

Langille et al. observed that when flow is altered, the artery first shows vasomotion,

i.e., periodical dilation of the vessel, where after remodelling of the vessel wall

media occurs (Langille et al. 1989). In addition, chronic adaptations to a decreased

volume flow proceed more rapidly than responses to an increased volume flow

(Langille and O'Donnel 1986), although it is unclear which mechanism is

responsible for these phenomena.

The vessel wall adaptations are endothelium dependent (Kaiser et al. 1986, Pohl et

al. 1986, Smiesko et al. 1985) in which several vasoactive substances are involved.

In chronic vasoconstriction as well as chronic vasodilatation fundamental changes

in arterial wall thickness, matrix composition, and organisation of the arterial wall

occur (Zahns 1989). It is presently still unclear how intimal and medial

reorganisation of extracellular matrix and smooth muscle cells (SMC) is mediated

by the endothelium. Moreover, changes in tensile stress of the endothelium and

SMC can lead to altered synthesis and production of collagen, elastin and

connective proteases (Sumpio et al. 1987).

It can be concluded that in acute and chronic arterial remodelling a sequence of

events occurs in response to an acute or chronic change of shear stress/flow,

confirming a close relation of (local) hemodynamics and arterial wall mechanics and

metabolic functions.

38



Chapter 2

2.7 Wall shear stress and vessel wall pathology

2.7.1 Intimal hyperplasia

Many investigations have shown that wall shear stress is strongly associated with

the development of intimal hyperplasia. This disorder is an uncontrolled proliferation

of vascular smooth muscle cells (VSMC's) causing inhibition and eventually

obstruction of flow. This frequently occurs in 30-40% of the cases, after

Percutaneous Transluminal Coronair Angiography (PTCA), after coronary bypass

grafting (25% of the cases), in autologous venous as well as in polytetrafluroethane

(PTFE) peripheral bypasses (25% of the cases), and in AV-fistulas created for

hemodialysis (50% of the cases) (Hofstra et al. 1995). Data contradict whether high

(Hofstra et al. 1995) or low shear stress (Kraiss et al. 1991, Porter et al. 1996) Is

associated with the initiation of intimal hyperplasia. Vasoactive substances as NO,

PDGF, bFGF, TGF and tPA (Davies 1995) could affect proliferation of SMC. Ohno

et al. found that increased laminar shear stress induces the expression and

secretion of transforming growth factor-ß1 (TGF-ß1), which is a growth inhibitor of

VSMC's (Ohno et al. 1995). The precise role of wall shear stress in relation to

intimal hyperplasia remains unclear.

2.7.2 Atherosclerosis

Atherosclerosis is a disease of the vascular vessel wall of large and medium sized

arteries, manifested by alterations, like fatty streaks, atheromas or plaques in the

intima and media of the arterial wall. Fully developed plaques accumulate smooth

muscle cells, macrophages, intra- and extracellular lipids in several physical and

chemical states, interstitial macromolecules including collagen and elastin fibres,

glycoaminoglygans and fibrin and calcium deposits (Glagov et al. 1992). The

disease involves complex cascades of interactions of endothelial and smooth

muscle cells, monocytes and platelets and plasma proteins (LDL). A prominent

feature of atherosclerosis is that plaque depositions tend to be focal, with

predominant localisation at arterial branch points and bifurcations. Arteries such as
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the carotid and coronary arteries and those of the lower extremity are particular

prone to plaque formation while others, such as those of the upper extremity, are

rarely affected. Both the focal and selective distribution of plaques has been

attributed to local differences in hemodynamic conditions, with wall shear stress as

the important factor. Indeed research has shown an analogy between spatial

variability of shear stress and the focal nature of atherosclerosis (Caro et al. 1971,

Friedman et al. 1981, Fry 1968, Fry 1969a, Ling et al. 1968, Zarins et al. 1983).

2.8 Conclusion

It is clear that wall shear stress plays an important role in vascular wall homeostasis

via its target cell: the endothelial cell. To understand the role of wall shear stress in

the natural history of vascular diseases such as intimal hyperplasia and

atherosclerosis, including the localisation pattern, the role of wall shear stress has

to be studied /n wVo without disturbing local hemodynamics and, if possible,

supported by biochemical studies. Moreover, it can be of great value to study the

level and behaviour of wall shear stress under circumstances highly related to

atherosclerosis, such as ageing and smoking and diseases like diabetes,

hypertension, hypercystinemia and end stage renal failure.

Abbreviations used in table 2-1

Ö.4EC. bowne aort/c er?cfotf)e//a/ ce//s. SR4EC, bowne pu/monary aort/c endotfjefra/ ce//s,

Hl/VEC. human umb/Vica/ enctofbe/la/ ce//s. EC. endoffte//a/ ce//s, EDflF. endof/7e//um

derived re/ax/rig, factor; /C^M-f, ;nterce//u/a/' adheston mo/ecu/e-7; LDL, tow dens/ty

//poprote/ns, WO. rwfric ox/de. Pa, Pasca/, P/A/-J, p/asm/nogen acf/Vator /nft/MoM. PdEC.

porc/ne endotfje//a/ ce//s; PDGF„, PDGFB. p/atetef derived grotvtf? /actor >* and S cha/ns.

PG/j, Prosfag/and/n k; SMC, smootf? musc/e ce//s, v"C>AM-J, vascu/ar ce/Zu/ar adries/on

mo/ecu/e-f.

Date are derived from /rferafure unW December 2000.
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Shear stress (Pa) Effect

0.02-1.65

(laminar)

1-12

0.8

1.5

0.05-1.34

3-6 Pa

0-0 45 Pa

1 Pa (puteattte)

1Pa

Cell type + response time Slgnlfiflnce

K* channel activation

hyperpolarisation

fifty fold increase NO

two fold increase e NOS

mRNA

release ATP. acetytchobne

& substance P

transient elevation of IPi

tntraceflular Ca** rise. Ca**

osculations

pulsed PGIj release

induction of c-mye

BAEC; ms fast resonse; related to

vasoreWation

BPAEC; steady state 60 S fast resonse; related to

vasorelJtation

BAEC; s

BAEC

BAEC

flow m^iated relaxation

release*)

Refereofls^^^B^PBI(|^^B

((Diesen et al. 1988)

(Nakacne and Gaub 1988)

(Frangos and Kuchan

1991)

(Nishidaetal 1992)

modulaon of ionic balance (Ziegelstein et al. 1992)

BAEC; HUVEC; biphasic; phospMnosrtiöes and Ca'* (Geiger et al. 1992)

major peak at 5min; 15-305 as secod messengers tor

sheer swsBtransductfon

BAEC; 14-40 s

HUVEC; <60 s

BAEC: min

(Shenetal. 1992)

PGIj reuMion of vascular (Frangos et al. 1985)

tone; anthromboöc

properes

early gowth response (Hsiehetal. 1991)
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Shear stress (Pa)

1 Pa

0-5.1 Pa

1 Pa

> iPa

0-0.5 Pa (putoaWe)

1.5 & 2.5 Pa

1.5 A 2.5 Pa

>0.5 Pa (In vivo)

Effect

direct remodeling of focal

adhesion sites, realignment

with flow

tenfold enhancement of

PDGF* mRNA; 2-3 fold

increase of PDGFB

expression

induction of C-fos

induction of protein kinase

C

endotheline mRNA and

protein secretion both

stimulated and down

regulated

tPa mRNA expression and

secretion stimulated and

inhibited

PAI-1 mRNA expression

and secretion elevated

cytoskeleton and fibrectin

rearrangement

Cell type + responaatfci

BAEC; min

HUVEC; BAEC

BAEC; 2 h

BAEC; >3 h

PAEC; peak at 2-4h

HUVEC; 5 h

HUVEC; ?

aH types; >6h

M Significance

cell attachment sites as

transmKters and/or

transdit^rs of stress

enhance mitogen
secretic-,; regulation of

SMC growth; identification

of shear stress response

element of PDGF promotor

growth rjsponse genes

regulation of protein.

phosphoroiysation

regulation of

vasocorgtriction

enhancement of fibrtnolylic
activity

antagonges tPa effects

associated v*ith cell

alignment

Aafarsncs

(Bobotewskyj et al. 1991)

(Hsiehetal. 1991. Hsiehet

al. 1992, Resnicketal.

1993)

(Hsiehetal. 1991)

(Girard and Nerem 1990)

(Yoshizumi et al. 1989)

(Diamond at al. 1989)

(Diamond at al. 1990)

(Dewey et al. 1981, Franke

etal. 1984)
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Shear stress (Pa)

> 0.5 Pa

0.1 Pa

0.01-2 Pa

0-6.2 Pa;

Oscillatory SS:

0.16-0.82 Pa

Effect

cell alignment in direction

of flow

ICAM-1 upregulation

increases hydraulic

conductivity

histamine content and

histamine decarboxylase

activity stimulated

Cell type • response I

all types; >6h

adhesion of leukocytes

BAEC

BAEC; 1 5h

BAEC; >6h

1-8.5 Pa

3-6 Pa

0-2.5 Pa (pulsatile)
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Chapter 3

3.1 Basic principles of ultrasound

Ultrasound waves are pressure perturbations propagating through a medium with

frequencies far beyond the hearing level. In transcutaneous medical ultrasound

equipment sound waves with frequencies ranging from 2 to 10 MHz are used.

Ultrasound pressure waves are generated and received using a piezoelectric

ceramic (transducer) that is able to convert electrical energy to mechanical energy

and vice versa. The voltage signal generated by a received ultrasound pressure

wave is termed the radiofrequency (rf) signal, because of its frequency (2-10 MHz).

3.1.1 Pulsed ultrasound

Since a few decades pulsed ultrasound is applied in vascular investigations (Burns

1987) and is based on repetitive emission of short pulses of ultrasound and the

subsequent reception of the reflected echoes originating from acoustic impedance

transitions in the body. Processing of these echoes can be used to infer anatomical

(qualitative) information, e.g., the presence of atherosclerotic plaques in blood

vessels, as well as the assessment of functional (quantitative) information, e.g.,

blood flow velocity. The attractive feature of medical ultrasound lies in its ability to

obtain real-time information non-invasively with little or no discomfort and no known

hazard for the subject.

An ultrasound reflection occurs at transitions in acoustic impedance at interfaces

larger than a few wavelengths (A). The wavelength is defined as

(3-1)

where c [m.s '] is the ultrasound velocity in the transmission medium and k (Hz] the

carrier frequency of the ultrasound waves. In soft biologic tissue, the average

ultrasound velocity is 1540 m.s'. This implies that for an k of 6 MHz the wavelength

(X) is on the order of 250 urn.
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The amplitude of the reflected echo depends on the:

- amplitude of the emitted pulse

• type of tissue between the transducer and the reflector

- depth of the reflector with respect to the transducer

- relative change in acoustic impedance

- size of the acoustic layer with respect to the wavelength

- orientation of the boundary with respect to the direction of the ultrasound

beam (the echo is maximal if the boundary is perpendicular to the ultrasound

beam)

If all tissues between the transducer and the site of reflection have approximately

the same ultrasound propagation speed then the time delay A/ [s] between emission

and reception is a measure of the distance s [m] between the reflector and the

transducer:

S = ^ (3-2)

The factor two in equation (3-2) is due to the fact that the ultrasound waves travel

twice the distance from the transducer to the acoustic interface.

If an object is small compared to the wavelength, ultrasound waves will not be

reflected in a single direction but will be scattered in all directions. In that case the

amplitude of the recorded ultrasound signal is almost independent of the angle

between the ultrasound beam and the scattering object. This is, for example, the

case when pressure waves with frequencies in the medical application range

encounter erythrocytes that have a diameter of 6 to 8 pm. The local amplitude

together with the time-delay of the reflected or backscattered ultrasound signals

give information about the type and position of the anatomic boundaries.

The time sequence of a pulsed ultrasound recording at one position is depicted in

figure 3.1. Ultrasound pulses are emitted at a time interval of 1/PRF (figure 3.1b)

(PRF stands for pulse repetition frequency). When an emitted pulse encounters the

acoustic transitions fl» and ft* (figure 3.1a), an amplitude rise in the received

radiofrequency (rf) signal (figure 3.1c) at time delays f»= —- and (?= — - will occur.
c c
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transducer

1/PHF

EP

Emlttlon

(Uctption

ultrasound beam

-/A

EP EP

• # •

-//-

Figure 3.1

a> s/jotvs fhe reflectors ft, and fl,> /n fhe u/frasound beam o^ a Transducer

b,) shows fhe f/me sequence of fhe em»f/ed pu/ses (EP/' fhe /»me befween fbe

emtffed pu/ses is egua/ to 7/PflF.

cj shows /he rece/Ved u/frasound s/pna/. The amp/Zfude r/ses a/ f/ and f2 are

caused by fhe reflectors W, and %

To visualize two-dimensional anatomical structures, a Brightness-mode (B-mode)

image can be made (figure 3.7). In the B-mode, the ultrasound beam is sequentially

moved (mechanically or electrically) within a plane. The amplitude caused by the

received echoes is presented in shades of gray. In this way a cross-section of a

vessel can be visualized in real-time (for example 25 images per second).

Prerequisites for a good ultrasound system are, among others, a high spatial

resolution and a large dynamic range. The spatial resolution is determined by the

lateral and axial resolutions. The lateral resolution depends on the local beam width,

which is determined by the size of the transducer element and the position of the

focal point. If the size of the transducer expressed in wavelengths is constant, then

a higher carrier frequency will result in a narrower beam. The length of the emitted

pulse determines the axial resolution. The length of the pulse depends on the:
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- carrier frequency (fc) of the transducer (figure 3.2a)

- number of emitted periods of the ultrasound waves (figure 3.2b). This

number can be changed electronically.

The carrier frequency is a characteristic of the ultrasound transducer. A higher

carrier frequency results in a better axial and lateral resolution for the same number

of emitted periods. However, the attenuation of the ultrasound waves per unit of

distance travelled is exponential with their frequency. This means that high

ultrasound frequencies have a low depth of penetration. The optimal transducer

frequency depends on the application (penetration depth versus resolution). For the

investigation of superficial arteries ultrasound transducers with a carrier frequency

of 7 to 10 MHz can be used, resulting in a penetration depth of 7 to 5 cm.

•1b

Figure 3.2

aj D/rYerence /n tengf/? of fhe em/ss/on putee (t,a versus L ^ for

fransducers wM a /otv (top,) and a h/gh (boftomj carrier frequency

em/ff/no: fne same number or periods.

ty Effecf on fne tenpfn or fhe em/ss/on pu/se when fhe number of

em/ss/on periods /s decreased ('bottom L,t, compared to top

64



Chapter 3

3.2 Assessment of blood flow velocity with pulsed ultrasound

Pulsed ultrasound systems transmit and receive intermittently, allowing acquisition

of the rf signals on a certain depth as function of time. If the emitted ultrasound

pulse encounters a moving object, then the reflected or scattered echo shows a

depth shift (Ad in figure 3.3a) with respect to the preious signal. Figure 3.3a shows

the reflected pulse from an object moving away from the transducer (located on the

left side) for a number of subsequent rf-signals. The time between each rf-signal is

1/PRF in seconds. Figure 3.3b shows the Doppler signal as function of time at the

depth position marked with a dotted line in figure 3.3a. The carrier frequency of this

temporal signal (/„) depends on the velocity of the moving object and on the carrier

frequency of the emitted pulse.

a>
E

1/PRF

depth

Figure 3.3

faj srtows fne ref/ecfed pi//se from an oo/ecf mowng away from fhe fransducer

(toca/ed on fne /eft s/de,} tor a number or subseguenf r/ s/gna/s. T7»e //me

befween eacri r/ s/g/na/ /s spaced by f/PWF seconds.

fity S/JO*VS fne Dopp/er s/gna/ as ft/ncf;on of ftme af tfje depfh pos/Won fhaf /s

marked wrfrt a doffed //ne /n f/gure 3.3a.
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The relation between the temporal Doppler frequency

[m.s' ] of the object is given by:

cf.

4 cos(<p)

[Hz] and the velocity

(3-3)

where <p [rad] is the assumed angle between the ultrasound beam and the direction

of the moving object, k [Hz] is the carrier frequency of the ultrasound waves and c

is the ultrasound velocity in the transmission medium.

In figure 3.4a, the frequency spectrum of the Doppler signal in the center of an

artery in the systolic phase is shown. The large peak around zero frequency

originates from slowly moving tissue (clutter), in this case the vessel wall. The other

(lower) peak originates from the scattering blood. This latter peak has a certain

width, because at a given moment not all scatters (erythrocytes) are moving at the

same velocity.

Spectrum of the
Doppler signal

•2 0 2
Frequency [kHz]

(a)

Spectrum of the
filtered Doppler signal

-4 -2 0 2

Frequency [kHz]

(b)

Figure 3.4

(aj The frequency specfrum 0/ fne Dopp/er s/gna/ /n fne center 0/ an arteo'- 7"ne

/a/ge peak around zero frequency orig/nafes from stoiv/y mowng fissue

(c/uffer). /n fh/s case fne vesse/ wa//. The ofher (towec) pea/c orig/nafes from

fne scattering b/ood.

(b) The frequency specfrum after remova/ 0/ fne /arge pea/c us/ng a high pass

«fer.
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For blood flow velocity measurements, the frequency peak in the Doppler spectrum

originating from the slowly moving structures (clutter) has to be removed. This can

be done with a high pass filter (figure 3.4b). The cut-off frequency of this high pass

filter is somewhere between the Doppler frequency caused by the vessel wall and

the Doppler frequency caused by the flowing blood. If the cut-off frequency is

chosen too high, then (parts of) the scattering signals will be suppressed as well. If

it is chosen too low, then the high amplitudes originating from the vessel wall will

dominate the Doppler spectrum. After filtering, the mean velocity at a certain depth

can be calculated using equation (3-3).

With pulsed ultrasound it is possible to measure velocities at a certain depth. This

can be expanded to more depths simultaneously: multigate pulsed Doppler (Hoeks

1981) (figure 3.5).

With such a system, it is possible to assess the velocity distribution In an artery

along a line of observation as function of time. Knowing the velocity distribution

along a line of observation, the shear rate can be determined by calculating the first

radial derivative of this velocity distribution (equation (2-2), chapter 2).

sample volume

Figure 3.5

Schematic represenfaf/on for ff»e posrf/on of ffre samp/e vo/umes /n a mu/tfgate

pu/sed Dopp/er system.
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To measure velocity near the vessel wall accurately the multigate pulsed Doppler

system has to meet certain criteria, namely:

1) a low electrical noise level, because the amplitudes of the scattering

erythrocytes are low and will therefore easily be obscured by noise.

2) high spatial and temporal resolutions.

3) a good clutter filter.

3.3 The Shear Rate Estimating System (SRES)

The ultrasound group of the Department of Biophysics of CARIM of the Maastricht

University has developed a Shear Rate Estimating System (SRES). This system is

capable of assessing the wall shear rate distribution by determining at each instant

the first radial derivative of the velocity profile near the wall of arteries (Brands et al.

1995, Hoeks et al. 1995). Besides the velocity and the shear rate distribution also

the diameter and the diameter change can be determined simultaneously. To

achieve a high flexibility in processing, the received rf signals are digitised first,

stored in a memory and processed off-line. A block diagram of the Shear Rate

Estimation System is shown in figure 3.6. The SRES exists of an ultrasound echo

system, an A/D (Analog to Digital) converter to digitise rf signals, a computer to

store the digitised rf signals and a software program for (off-line) rf signal

processing.

computer

ultrasound
echo

system

RF
CLK
ET

A/D memory signal
processing

Figure 3.6

6/odc diagram o/ the Shear Rate EstfmaWbn System. (W. rf s/gna/, CLK: ctoc*.

/.e.. samp/e frigger tor /he A/D converter; ET. errwsslon frigger. A/D. ana/og to

d(grta/ converter/
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3.3.1 Ultrasound signal acquisit ion • •

The received radiofrequency signals are digitised with a sample frequency of 3 to 4

times the carrier frequency of the transducer. For velocity detection the sample

frequency should be synchronous with the emission trigger (ET), which is the signal

that activates the emission, to ensure synchronous sampling of subsequent

rf signals at corresponding positions. The digitised data are stored in the memory of

a computer. The rf signal, the clock synchronous with the ET and the ET are

normally not externally available in ultrasound systems. Therefore, these outputs

were added to the ultrasound systems used for shear rate measurements.

To be able to measure blood flow velocity, the PRF of the echo system has to be on

the order of 10 kHz. Because the received rf signals should have a high axial

resolution, the emission pulse has to be short. In practice this means that

conventional ultrasound systems, prior to rf signal acquisition, must be set In

Doppler mode with a short (<0.5 mm) sample volume in depth or in M-mode (which

implies a high resolution) with a high PRF.

a>
a

o

Figure 3.7

S-mode /mage o/ a tong/fi/d/na/ cross-sec//on of an ar/ery. The oW/gue wh//e //ne

/n the /mage represents /he //ne a/ong wh/ch /he da/a are acgu/red. /vex/ to /he S-

mode /mage, one rf//ne /s shoivn correspond/ng to /he ob//gue wh//e //ne On/y

/he par/ of /he rf s/gna/ *v//h/n /he tv/ndow w/// be stored /n memory.
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Figure 3.7 shows a B-mode image of an artery together with an rf signal obtained

along the oblique solid white line. After a good longitudinal section was seen on this

mode (implying that the artery is seen at the centre of the artery) the measurement

procedure was changed to M-mode. To reduce the amount of data only the part of

the rf signal that is relevant is acquired and stored in memory. For shear rate

measurements in vessels this segment covers the lumen together with the anterior

and posterior walls.

After the echosystem is set in Doppler mode with a short sample volume (smaller

than 0.5 mm) these rf segments are digitised resulting a two-dimensional data

matrix (depth and time) in the computer memory (figure 3.8). Because the data is

processed off-line, the size of the computer memory limits the total recording time.

For one second of data with a PRF of 10 kHz and an acquisition window of 10 mm a

memory of 5 Mega bytes is needed (clock frequency 20 MHz).

Time

Depth

Figure 3.8

Wsuateafton of /fie hvo-d/mensiona/ (depffi. tfme,) rf mafrix used for off-//ne s/gna/

processing. 77)e peaks /eft and righ/ of eac/j rf s/gna/ represenf /fte ecnoes

resu/ff'no, from /ne an/erior and posterior vesse/ wa//.
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3.3.2 Off-line signal processing

For shear rate measurements, based on the first radial derivative of the velocity

distribution, it is essential that the velocity distribution along the artery is measured

accurately, especially in the region near the vessel wall.

3.3.2.1 The Cross Correlation Model (CCM) frequency estimator

For short emission pulses the actual carrier frequency of the received rf signals

gradually decreases due to the attenuation with depth. This means that a fixed

value for k to calculate the velocity (equation (3-3)) will introduce a depth dependent

bias (Brands et al. 1995, Hoeks et al. 1994). With the CCM frequency estimator for

ultrasound rf signals, it is possible to determine accurately both the carrier

frequency (k) and the frequency of the Doppler signal (/<*). The CCM is employed on

a subwindow (few points in time and depth) of the rf signal matrix, thereby taking

the estimate for the depth dependent 4 into account.

3.3.2.2 Clutter filter

The Doppler signals originating from low blood flow velocities near the vessel wall

are largely obscured by the high amplitude Doppler signals originating from the

vessel wall reflections, which makes a good clutter filter essential. Since the mean

frequency of the signals caused by clutter changes with time, the filter

characteristics must adapt dynamically to the wall motion. For this purpose a clutter

filter has been developed that selectively suppresses the Doppler frequencies within

a narrow frequency range centred at the clutter Doppler frequency originating from

the vessel walls (Brands et al. 1995, Hoeks et al. 1995). The frequency of the

Doppler signal from the vessel wall motion is estimated using the CCM. Since the

filter procedure is repeated for all sub-windows within the rf matrix clutter

suppression is executed according to the local (in depth and in time) signal

characteristics.
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dtplti |mm| lim» |t | tbn«[t)

Figur« 3.9

(a,) shows an examp/e of a hvo-d/mens/ona/ ve/oc/ry d/sfribuf/on as funcf/on of

Wme and dep/h and rts correspond/ng (ty snear rate d/sfriouf/on. The fwo fh/cfc

//nes /n fne snear rate d/s/r/buWon correspond to fne /nsfanfaneoi/s pea/c snear

rates af fne anfer/o/- and poster/or wa//.

3.3.2.3 Velocity and shear rate distribution

After filtering the mean Doppler frequency (/<*) and the carrier frequency (/y of each

subwindow are estimated with the CCM. The velocity can now be determined by

substitution of f<* and k in equation (3-3). This results in a two-dimensional blood

velocity distribution as is shown in figure 3.9a.

The spatial resolution of the radial velocity profile is governed by the spatial

resolution of the echo used in combination with the number of sample points in

depth used for each velocity estimate. For a good estimate 8 sample points in depth

and 100 points in time are required. For an rf signal sample frequency of 20 MHz

and a PRF of 10 kHz, this corresponds to a resolution window of 300 urn in depth

and 10 ms in time. To obtain a more detailed distribution half-overlapping

subwindows are used, providing velocity estimates at increments of 150 urn in

depth and 5 ms in time. Once the velocity distribution is known, the shear rate can

be determined by calculating the first radial derivative. This results in a shear rate

distribution as function of time and depth as is shown in figure 3.9b. The two thick

lines in figure 3.9b correspond to the instantaneous peak shear rate at the anterior

and posterior vessel wall. Shear rate can be measured as close as 300 urn from the

vessel wall so that these peak values are not necessarily the real wall shear rate but

provide a fair approximation.
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diameter of the lumen

10 12 14 16 20

depth [mm]

Figure 3.10

F/rsf rfs/gna/ /n /he rfmarrix from a record/ng or an arten/ On /he echoes from

/he anterior wa// to /umen and /umen to posterior *va// fransrf/ons maricers fwh/te

ooxes^ are p/aced. The d/s/ance berween /hese manVers ;s fhe d/ame/er o/ /he

/umen.

Besides the velocity and shear rate distribution, also the diameter and diameter

change during the cardiac cycle (distension) can be deduced from the signals in the

rf matrix. The diameter is determined by manually placing markers on echoes

originating from the anterior and posterior wall. The distance between these

markers is a measure of the diameter of the lumen. Figure 3.10 shows the markers,

white boxes, on the echoes from the anterior and posterior wall of the vessel.

The position in depth of the anterior and posterior vessel wall reflections changes

during the cardiac cycle. This displacement can be determined by integrating the

velocity of each vessel wall over time. The velocity of the vessel wall is determined

by employing the CCM on the subwindow positioned at the vessel wall reflection.

The diameter change can then be determined by subtracting the displacement of

the posterior wall from the anterior wall. Using this method the accuracy and

precision of the diameter change is on the order of a few micrometers.
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Finally, one SRES measurement results in three recordings as function of time:

(1) distension,

(2) centre stream velocity and

(3) wall shear rate.

An example of these recordings are shown in figure 3.11.

w
CO

Q

800 .

.2 400

max

max = 719 urn
min =0 ujn
delta = 719 urn
mean = 391 um

to

E

a>

max = 762 mm.s'
min = 274 mm.s'
delta = 488 mm.s'
mean = 376 mm.s'

max = 986 s '
min = 450 s '
delta = 536 s '
mean = 579 s '

time [s]
Figure 3.11

An examp/e o/ fne ftna/ resu/fs of a s/ng/e SRES measuremenf /n fhe common

caroftd arfe^y. 77»e x-symöo/ represenfs fne sfan" and end or fhe card/ac cyc/e ̂ fl-

top ECG| The open c/rc/e represenrs fhe (end-d/asto/ic,) m/n/mum and fhe c/osed

c/Vc/e represenfs fhe max/mum of fhe curve.
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From the time curves in figure 3.11 for each heart beat such signal parameters as

mean, minimum (open circle), maximum (closed circle) and delta, which is the

maximum value minus the minimum value can be determined. The start of each

cardiac cycle, x-symbol. is traced from the ECG-recording that is made

simultaneously with the ultrasound measurement.

3.3.3 Validation of the Shear Rate Estimation System

The SRES was validated in a steady flow bench-model (Gijssen et al. 1998). The

shear rate in this model can be regarded to be representative of arteries. The

velocity distribution measured with the SRES showed good agreement with the

numerically predicted velocity distribution. The values for the wall shear rate found

in the bench-model with the SRES were approximately 25% lower than the

expected ones, however. The relative changes in wall shear rate, due to different

shapes of the flow, were the same as the predicted values. From this it can be

concluded that the absolute shear rate may be underestimated, but it is at least a

measure of wall shear rate.

3.3.4 Limitations of the SRES

For shear rate measurements the angle between the ultrasound beam and the

flowing blood must be known. This means that shear rate can only be measured in

relatively straight vessels with a laminar flow. Measurement of shear rate with the

SRES in curvatures and bifurcations is therefore not possible yet.

The absolute diameter is determined manually by placing markers on the lumen to

wall transition. Therefore two different investigators may obtain different values from

the same recordings. These differences, however, were found to be small (Kool et

al. 1994). The angle between the ultrasound beam and the artery has to be on the

order of 70*. but then the transitions between the lumen and the vessel wall are less

distinctive than they would be at an angle of 90*. This complicates the positioning of

the markers.
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For shear rate measurements the beam has to go through the centre of the vessel

during the recording. This means that the vessel may not move in a lateral direction

with respect to the ultrasound beam. Even small changes in lateral direction have a

significant effect on the results obtained. This puts high demands on the skills of the

investigator using the SRES.

3.4 References

Brands PJ, Hoeks APG, Hofstra L, Reneman RS. A noninvasive method to

estimate wall shear rate using ultrasound. Ultrasound Med Biol 1995:21:171-185.

Brands PJ, Hoeks APG, Reneman RS. The effect of echo suppression on the

mean velocity estimation range of the rf cross-correlation model estimator.

Ultrasound Med Biol 1995:21:945-959.

Burns PN. The physical principles of Doppler and spectral analysis. J Clin

Ultrasound 1987; 15:567-590.

Gijssen FJH, Brands PJ, van de Vosse FN, Janssen JD. Assessment of wall shear

rate measurements with ultrasound. J Vase Invest 1998:4:187-196.

Hoeks APG. A multigate pulsed Doppler system with serial data processing. IEEE

Trans Sonics Ultrason 1981:28:242-247.

Hoeks APG, Arts TGJ, Brands PJ, Reneman RS. Processing scheme for velocity

estimation using ultrasound RF cross correlation techniques. Eur J Ultrasound

1994:1:171-182.

Hoeks APG, Samijo SK, Brands PJ, Reneman RS. Noninvasive determination of

shear rate distribution across the arterial lumen. Hypertension 1995:26:26-33.

Kool MJF, van Merode T, Reneman RS. Hoeks APG, Struyker Boudier HA, van

Bortel LMAB. Evaluation of reproducibility of a vessel wall movement detector

system for assessment of large arteries. Cardiovascular Research 1994:28:610-

614.

76



Chapter 4

Reproducibility of shear rate and shear stress
assessment by means of ultrasound in the common
carotid artery of young human males and females

4.1 Abstract

4.2 Introduction

4.3 Materials and methods

4.3.1 The Shear Rate Estimating System

4.3.2 Calculated wall shear stress

4.3.3 Hemodynamlc monitoring

4.3.4 Study population

4.3.5 Study design

4.3.6 Procedure

4.3.7 Analysis
.'•"-si

4.4 Results

4.4.1 Intrasubject intrasession variability

4.4.2 Intersubject intrasession variability

4.4.3 Short and medium intersubject intercession variability

4.5 Discussion - ^ ..

4.6 References vv : , ^ .-•••-,,

S.K. Samijo, J.M. Willigers, P.J. Brands, R. Barkhuysen, R.S. Reneman,

P.J.E.H.M. Kitslaar, A.P.G. Hoeks.

Published in: Ultrasound in Medicine and Biology, 23 (4): 583-590,1997.



Reproducibility of wall shear rate and stress

78



Chapter 4

4.1 Abstract

In the present study the reliability of an ultrasonic Shear Rate Estimating System, in

terms of intrasubject intrasession, intersubject intrasession and intersubject

intersession variability coefficients, in the assessment of wall shear rate (WSR) in

the common carotid artery (CCA) was determined in 8 presumed healthy

volunteers. Measurements were performed on consecutive days (day 1, day 2, day

7). To investigate whether there are differences in WSR due to gender, dynamic

WSR in the CCA was assessed in 11 presumed healthy males (mean age 24 yrs)

and 11 presumed healthy females (mean age 25 yrs). Wall shear stress (WSS) was

estimated from WSR and calculated whole blood viscosity. The average intrasubject

intrasession variability is about 15% for peak WSR and about 12% for mean WSR.

The intersubject intrasession variability for peak WSR decreased from 19% on day

1 to 16% on day 7 and for mean WSR from 17% on day 1 to 11% on day 7. The

intersubject intersession variability is on the order of 5% for peak WSR and about

4% for mean WSR and no significant differences could be detected between peak

and mean WSR values on day 1, day 2 and day 7, indicating good short and

medium term intersubject intersession reproducibility. No differences in peak and

mean WSR were found between the left and the right CCA in the male as well as in

the female group. Mean WSS was similar in males (1.3 ± 0.3 Pa) and in females

(1.2 ± 0.2 Pa), but peak WSS was slightly, but significantly, higher in males (4.3 ±

1.3 Pa) than in females (3.3 ± 0.7 Pa). It can be concluded that peak and mean

WSR can be reliably determined non-invasively with the use of ultrasound.

4.2 Introduction

Wall shear stress (wall shear rate times whole blood viscosity) is the drag of the

flowing blood exerted on the vessel wall. In a variety of studies it has been shown

that wall shear stress is an important determinant of endothelial cell function, among

others, influencing the production of such vasoadive substances as NO (EDRF)

(Rubanyi et al. 1990), prostacycline (Frangos et al. 1985) and endotheline

(Sharefkin et al. 1991; Malek and Izumo 1992), and, hence, of vessel wall function.
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The information available on the effect of wall shear stress on artery wall function in

vivo is limited mainly because of the lack of techniques to non-invasively assess

wall shear rate. Techniques that have been used to assess wall shear rate in vivo

are either invasive (Ling et al. 1968, Kamiya and Togawa 1980, White et al. 1994),

elaborate (Caro et al. 1992) or assume stationary flow conditions (Binns et al. 1989;

Hofstraetal. 1995).

Because mean and pulsatile wall shear stress may differently affect arterial wall

function and change differently with age, we developed a non-invasive ultrasound

system to estimate dynamic wall shear rate, i.e., the velocity gradient at the wall

during the cardiac cycle (Brands et al. 1995; Hoeks et al. 1995). The aim of the

present study was to assess the reliability of this Shear Rate Estimating System in

terms of reproducibility. To this end repeated measurements were performed in

both common carotid arteries of young presumed healthy male volunteers on 3

occasions (day 1, day 2 and day 7), and the intrasubject intrasession (variations

within one subject within one day), the intersubject intrasession (variations between

subjects within one day) and the intersubject intersession (variations between

subjects between days) variability were calculated. It was also investigated whether

in a young population there are differences in wall shear rate and calculated wall

shear stress (wall shear rate times whole blood viscosity) between males and

females and between the right and left common carotid arteries.

4.3 Materials and methods

4.3.1 The Shear Rate Estimating System (SRES)

The ultrasonic SRES has been described in detail elsewhere (Hoeks et al. 1994;

Brands et al. 1995). In short, the system consists of three parts: a modified

ultrasound echo system (Ultramark 4 plus, Advanced Technology Laboratories,

Bellevue, WA, USA) with a short focus mechanical sector probe operating at 5 MHz,

a Data Acquisition System (DAS) and a computer (486DX2/66) (figure 4.1). The

system is able to measure the blood flow velocity distribution along a selected line
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of observation across the centre of the vessel with a spatial resolution of 300 um

and a temporal resolution of 10 ms. To obtain a more detailed velocity distribution

for both the temporal and radial direction intermediate values were calculated based

on half-overlapping data segments.

A recording is started synchronously with a trigger derived from the R-top of the

ECG, which facilitates the detection of the maximum (systolic) and minimum

(diastolic) velocity as well as the initial arterial diameter. The captured radio frequent

(rf) signals (reflected and scattered ultrasound signals) are digitised and stored

temporarily in the memory of the data acquisition system (DAS). Due to the limited

size of this memory a recording time of only 1.2 s is available, normally sufficient for

capturing one complete heart beat. Subsequently, the data is transferred from the

DAS to the computer for processing.

Echo system
DAS
20Mhz
10 bit
8Mbyte

Computer
software

skin Probe
Ultrasb

AD/2
A

und
m

depth

Lumen

\D/2

market I
Anterior wall

Posterior wall
martie«2

Rf-signal

Figure 4.1

Schemata: draw/ng of" tfie shear rate esf/maf/ng system. The boftom rigAjf shows

/fte firsf rad/ofreguency //ne used tor /denf/ftcator) o/ /he vesse/ wa//s Csee marker

7 and 2^. D /s fhe /nterna/ end-d/as/o/;c d/ameter.
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1000

depth |mmj lime |sj

Figure 4.2

(a,) The ve/oc/ry dtefribuf/on over f/me /n fne common carotfd artery of a

presumed r>ea/fr?y ma/e vo/unfeer

(b,) Tr»e sriear ra/e d/'sfrioi/fon over lime /'n /he common carof/d artery of tf?e same

vo/unfeer.

The signal as function of depth of the first digitised rf line is displayed on the

computer screen. From the shape and the position in depth of the reflections, the

wall lumen interfaces on both sides are identified manually by placing sample

volumes, indicated by markers, on the reflections of the anterior and posterior

vessel walls (figure 4.1).

The distance between both markers, corrected for the angle of observation, is

considered as the initial (end-diastolic) diameter of the vessel. Processing of the

rf data within the sample volumes as function of time results in the time dependent

change of the arterial wall position (displacement waveform). The difference

between the displacement curves of both walls reflects the change in diameter over

time, i.e., the distension as function of time.

The signal as function of depth of the first digitised rf line is displayed on the

computer screen. From the shape and the position in depth of the reflections, the

wall lumen interfaces on both sides are identified manually by placing sample

volumes, indicated by markers, on the reflections of the anterior and posterior

vessel walls (figure 4.1).
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The distance between both markers, corrected for the angle of observation, is

considered as the initial (end-diastolic) diameter of the vessel. Processing of the

rf data within the sample volumes as function of time results in the time dependent

change of the arterial wall position (displacement waveform). The difference

between the displacement curves of both walls reflects the change in diameter over

time, i.e., the distension as function of time.

To obtain the time-dependent blood flow velocity distribution, a modelled cross-

correlation function is employed to the rf data between the markers to estimate the

mean velocity over time segments of 10 ms spaced at 5 ms (50% overlap) time

intervals. The length of the rf segments in depth corresponds to 300 urn spacing at

150 jam intervals (50% overlap) (Hoeks et al. 1994; Brands et al. 1995). Calculating

the mean velocity of all rf segments results in a time-dependent velocity profile.

Such a velocity profile as recorded in the common carotid artery is depicted in figure

4.2a.

The shear rate distribution follows from the radial derivative of the velocity profile at

each time instant. A typical recording of a shear rate distribution in the common

carotid artery is shown in figure 4.2b.

The average peak values of the derivatives at the anterior and posterior walls of the

vessel is considered as the estimate of the instantaneous longitudinal wall shear

rate. This averaging procedure is performed to minimise possible effects induced by

secondary flows. From the velocity profile and shear rate distribution such

parameters as peak systolic velocity (PSl/in mm.s '), mean velocity (Ml/ in mm.8 ')

in the centre of the lumen averaged over one heart cycle (figure 4.3b), peak wall

shear rate (PWSf? in s') at peak systole and mean wall shear rate (MWSfl in s'),

which is the time averaged shear rate over one cardiac cycle (figure 4.3c), can be

determined. Simultaneously with shear rate the diastolic diameter (D in urn) and the

displacement of the anterior and posterior wall (distension in urn) can be

determined (figure 4.3a).
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S/mu//aneous read/ngs as funcf/on of f/me of fa) D/stens/on. fb,) Cen/re sfream

ve/oc/'fy, and (c^ Shear rafe averaged for fhe anferio/ and posterior waff.

4.3.2 Calculated Wall Shear Stress

From plasma viscosity, hematocrit and mean wall shear rate whole blood viscosity

(WßV) can be estimated using the approximation proposed by Weaver (Weaver et

al. 1969):

log Wßl/=log rjo+or.Hf (3-1)

with

« = 0.030 - 0.0076 log(MWSfl)
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where WiBV is whole blood viscosity in mPa.s. r/o plasma viscosity in mPa.s, Hf

hematocrit in percentage and MWSfl mean wall shear rate in s \ This

approximation circumvents the practical problems associated with the direct

measurement of whole blood viscosity, while the individual dependent factors such

as hematocrit and plasma viscosity, which are important determinants of an

individual WßV. are taken into account. To assess wall shear stress (WSS). wall

shear rate (tVSft) is multiplied by whole blood viscosity, employing the relationship:

(3-2)

4.3.3 Hemodynamic monitoring

Blood pressure, in terms of systolic (SSP), diastolic (DSP), mean (M/4P) and pulse

(PP) pressure were determined non-invasively on the upperarm by means of a

semi-automated oscillometric device (Dinamap; Critikon, Tampa, Florida, USA).

4.3.4 Study population

Eleven presumed healthy male and 11 presumed healthy female volunteers

participated in the study. Eight of the male subjects participated in the reproducibility

study. Measurements were performed in the left and right common carotid arteries.

The male volunteers had an average age of 24 years (range 20-36 years), an

average weight of 76 kg (range 58-88 kg) and a mean height of 179 cm (range 167-

192 cm). The female volunteers had an average age of 25 years (range 19-32

years), an average weight of 61 kg (range 53-72 kg) and a mean height of 167 cm

(range 160-180 cm). All participants were non-smokers and clinically free of

cardiovascular or other diseases. None of them used medication. All subjects had

given written informed consent. The study was approved by the joint medical ethical

committee of the Academic Hospital Maastricht and the Maastricht University.
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4.3.5 Study design

To determine short and medium term variability, wall shear rate was assessed in 8

of the 11 male subjects using the same procedure on 3 occasions: day 1, day 2 and

day 7. The other 3 males and the female group were measured only on day 1. To

determine possible differences between males and females and as a consequence

of side both common carotid arteries were studied and measured in a random order

in the male (n=11) as well as female (n=11) study populations.

4.3.6 Procedure

The measurements were always performed in the morning starting at 8.30 a.m. The

subjects were examined in the supine position in a climatized room with a

temperature of 22°C - 24°C. After an acclimatisation period of 10-15 minutes, the

measurements were started. The blood pressure oscillometer was set to take a

recording every 5 minutes. An ultrasound echo system (Ultramark 4 plus) in B-mode

was employed to verify that the common, internal and external carotid arteries were

free of plaques. A line of observation was selected crossing the common carotid

artery (CCA) 2 to 4 cm proximal to the tip of the flow divider at an angle of 70° with

the longitudinal axis of the artery. Then by pressing a foot switch a recording of the

received radiofrequent ultrasound signals (rf signals) was made for 1.2 s and stored

on the hard disk of the computer, while the first rf line was shown on the computer

screen. The walls of the vessel were identified by the operator by placing markers.

Subsequently the spectral composition of the Doppler signal, originating from the

midstream sample, was considered to appreciate the spectral signal to noise ratio

(SNR). Recordings with a peak spectral SNR less than 10 dB were discarded and

these measurements were repeated. The measurement procedure was repeated 18

to 20 times for both carotid arteries with a time interval of 3 to 4 minutes. The whole

procedure took about 2.5 hours per subject. Hereafter, the SRES was set to

calculate the velocity distribution, wall shear rate and distension waveform for all

recordings, taking about 6 minutes per measurement. From the 18 or 20

independent measurements performed on each side, the velocity profiles with an

axial asymmetry, due to a bad signal to noise ratio, were excluded.
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On day 1, height and weight of the subjects were measured to calculate body mass

index (weight divided by the square of the length. BMI). Hereafter, blood was

collected from the antecubital vein for determining hematocrit (H/), and plasma

viscosity.

4.3.7 Analysis

As a measure of variability, the variation coefficient (VC) of the parameters was

calculated using the following equation:

l/C = 100 * Standard Deviation / Mean [%] (4-3)

• The /nfrasub/ecf /nfrasess/on variato/'//fy

The intrasubject intrasession variability is the mean variability within 1 subject within

one day. This was determined by assessing the standard deviation (CT, ) of subject /

for each day, and computing the average standard deviation for the group,

, and likewise thecorrected for the number of beats n.
In,

corresponding mean value.

• The /ntersub/ecf /nfrasess/on vanaö/7/fy

The intersubject intrasession variability is the variability between the subjects within

1 day. This was determined by calculating separately the VC within the group (n=8)

on that day (day 1, day 2 and day 7).

• The snort and fne med/um /nrersutyecf /nfersess/on var/ab/V/ry

The short term variability is defined as the intersubject intersession variability

between day 1 and day 2. The medium term variability is defined as the intersubject

intersession variability between day 1 and day 7. To investigate whether there was

a possible influence of day a multi-analysis of variance was performed.
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The paired Student's t-test was applied to check for possible differences between

the left and the right CCA, while the unpaired Student's t-test was employed to

detect possible differences in the parameters measured by the SflES between the

male and the female group. The level of statistical significance was selected at

p<0.05. All statistical analyses were performed with the SPSS statistical software

for Windows, release 6.0.

4.4 Results

The peak and mean wall shear rate data of the subgroup of 8 male subjects are

presented in table 4.1. For both the left and right common carotid arteries PWSfl

ranged from 811 s ' to 1584 s ' and /WWSfl ranged from 282 s ' to 535 s \

4.4.1 Intrasubject intrasession variability (table 4.1)

The intrasubject intrasession variability ranged from 10% to 22% for PWSR and 5%

to 17% for MWSfl. In the left common carotid artery the average intrasubject

intrasession VC on day 1, day 2, day 7 was 15%, 15% and 13%, respectively, for

PWSfl, and 10%, 12% and 12%, respectively, for MWSfl. In the right common

carotid artery the average intrasubject intrasession VC on day 1, day 2 and day 7

was the same (15%) on all three days for PIVSR and was 13%, 11% and 15%,

respectively, for

4.4.2 Intersubject intrasession variability (table 4.2)

In the left common carotid artery the average intersubject intrasession VC on day 1,

day 2 and day 7 was 19%, 16%, 16%, respectively, for PWSR, and 17%, 16% and

11%, respectively, for MWSfl. In the right common carotid artery, the average

intersubject intrasession VC on day 1, day 2, day 7 was 20%, 17% and 18%,

respectively, for PIVSfl and 19%, 12% and 6%, respectively, for MWSfl. These

data show a moderate variability with a decrease from day 1 to day 7 for both

PWSfl and MWSfl on both sides.
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Table 4.1

Average va/ues ± standard dewafKxrs o/pea'c waff snear rafe ^PW5/7) and mean

wa// snear rafe fMWSR; per sub/ecf per day of fne subpopu/arton of S ma/e

sub/ecfs. Tlhe boffom //ne g/ves fne mean values and iv/M/n parenfheses, frie

mean /nfrasub/ecf /nfrasess/on coe/ficwnf o/ variafon, cxirrecfed tor number o/

beats a/ eacn s/de per day.

PWSR *

LEFT RIGHT

DAY1 DAY 2 DAY 7 DAY 1 DAY 2 DAY 7

PP1 1436 ±217 1327 ±137 1396 ± 182 1180+204 1053 ± 150 1434 ±214

PP2 811 ±163 1173 ±171 983 ± 146 820 1148 1296 ± 179 1073 ± 131

PP3 1197±209 1584 ±192 1322 ± 178 1055 ±178 1433 ± 164 1009 ± 137

PP4 1304 ±134 1038 ±179 948 ± 154 1239 ±188 1117 ±192 1008 1130

PP5 1312 ±218 1324 1241 12§7 ±172 1424 ±128 1249 i1§8 1460 ±228
PP6 1256 ±144 1402 +223 1048 ±118 1472 ±199 1302 ±204 1278 ±177

PP7 851 ±146 956 ±171 933 ±89 1021 ±136 818 ±125 1079 ±188

PP8 1198 ±162 1271 ±172 1118 ±162 909 ±151 1053 1163 909 ±152

Mean 1161(15%) 1241(15%) 1104(13%) 1132(15%) 1189(15%) 1150(15%)

• • • • " - • • - • " • - • " • - " • • • M W S R ' • - • - • • . . , ^ , ,

PP1

PP2

PP3

PP4

PP5

PP6

PP7

PP8

mean

DAY1

407 ±43

298 ±30

388 ±40

510 ±47

398 ±34

399 ±43

311 ±31

380 ±36

382 (10%)

LEFT

DAY 2

388

343

535

371

396

394

334

389

388 (

±37

±39

±29

±47

167

±56

±42

±31

12%)

DAY

388

322

430

375

360

317

324

381

356 (

±
+

1

1

1

1

1

1

:i i

7

67

29

54

65

27

33

37

36

>%)

DAY1

370 ±38

282 ±35

330 ±29

512 ±58

408 ±56

411 ±65

364 ±45

324 ±45

372(13%)

RIGHT

DAY 2

348 ±41

316 ± 15

431 ±34

418 +48

335 ±26

351 ±50

333 ±61

347 ±33

360(11%)

DAY

348

364

363

398

369

348

389

331

365 (

1

±

±

±

±

±

1

±

7

41

63

51

58

50

50

67

35

3%
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Table 4.2

Average va/ues for pea/c systoWc ve/oc/ry (PSV7, mean ve/oc/ry (MVA peafc wa//

sriear rate ^PlVSff> and mean vva// sriear rate (MlVSfl,) per day or fne

subpopu/a//on or S ma/es. WW/wn parenfheses, /he mean /ntersuöyecf /n/rasess/bn

coeffifc/sn/ of var/a//on for /eft and r/g/jf common caro/zd artery on day 7, day 2,

and day 7 /s g/Ven.

Day 1 Day 2 Day 7

Left Right Left Right Left Right

PSV[mm.s') 985(10%) 944 (16%) 1028 (13%) 957 (15%) 936(13%) 904(17%)

MV[mm.s'] 318(12%) 302(18%) 333(11%) 292(10%) 309(7%) 278(15%)

PWSR [3"'] 1171 (19%) 1140 (20%) 1259 (16%) 1165 (17%) 1126 (16%) 1156 (18%)

MWSR[s"'] 386(17%) 375(19%) 396(16%) 360(12%) 362(11%) 364(6%)

4.4.3 Short and medium intersubject intersession variability (table 4.3)

No significant differences in the measured parameters and their variabilities were

found between the days (PWSft p=0.82, MWSR p=0.87) indicating good short term

and medium term reproducibility. In the left common carotid artery the variability

over the days was 6% for PWSR (mean: 1168 s"') and 5% for /VfWSfl (mean:

375 s"'). In the right common carotid artery the variability over the days is 3% for the

PWSfl (mean: 1157 s ') and 2% for AfWSfl (mean: 365 s"').

In this group on day 1, day 2, and day 7, blood pressure and heart rate values were

in the normal range and did not vary significantly over the days.

In the male (n=11) and female (n=11) groups no significant differences in the

measured parameters could be detected between the left and right common carotid

arteries. Therefore, in both groups the data recorded on the left and right sides were

pooled for comparison between the genders.
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PSV, MV, peak WSS (PWSS). PP and Hf were higher in the male than in the

female group (table 4.3). PWSR and ß/W/ were higher in males than in females, but

these differences just did not reach the level of significance (table 4.3). AWSfl,

mean WSS (/WIVSS). SßP. DßP, AMP and plasma and calculated whole blood

viscosity were not significantly different between both groups.

Table 4.3

Average va/ues ± standard dewaf/ons. poo/ed tor fhe teft and rignf common

carof/d artery tor toe ma/e (n= 7 f,) and fne tema/e (n= f f> group. TTje d/fference

fcefween mates and temates are g;ven /n percenfage o/ fne ma/e va/ues. P-va/t/e

/s fne s/gn/ftcance /eve/ o/ fhe d/fference. "denotes s/gn/ftcanf d/fference

berween fne groups.

Diam [urn] :.*,• t-.-

PSV [mm.s'']

MV [mm.s']

PWSR [s"']

MWSR [s"']

PWSS [Pa]

MWSS [Pa]

SBP [mmHg]

DBP [mmHg] -'" V"

PP[mmHg] ••'*^

MAP [mmHg]

Ht

Plasma Vise. [mPa.s]

WBV [mPa.s]

BMI[kg.m"*]

male

63091426

10451214

320144

13381376

414+82

4.311.3

1.310.27

11817

6315

5518

8414

0.4510.03

1.1110.07

3.2010.29

23.6

female

60861220

8171134

267156

10741244

379153

3.310.68

1.210.18

116110

6818

4815

8518

0.4010.03

1.1110.05

3.09+0.29

21.8

difference

4%

22%

17%

20%

8%

23%

12%

3%

-6%

13%

- 1 %

1 1 %

0%

3%

7%

p-value

0.14

0.00*

0.02*

0.07

0.25

0.03'

0.13

0.51

0.17

0.03*

0.73

0.00*

0.97

0.39

0.06
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4.5 Discussion

The findings in the present study show that peak and mean wall shear rate can be

determined with the Shear Rate Estimating System with moderate variability. Wall

shear stress was estimated from measured wall shear rate and calculated whole

blood viscosity. The mean wall shear stress found is the same (on the order of

1.2 Pa) in young males and females, but peak wall shear stress is higher in young

males.

The wall shear rate values found in the present study are in agreement with those in

a previous study on a different set of subjects (Hoeks et al. 1995). The values of

mean wall shear stress as found in the present study are similar to those found by

other investigators (Rodbard 1970; Kamiya and Togawa 1980; Zarins et al. 1987).

The intersubject intrasession variability exceeds the intrasubject intrasession

variability for peak wall shear rate, but these variabilities are the same for mean wall

shear rate.

For both the peak wall shear rate and the mean wall shear rate in the left and right

common carotid arteries, the intersubject intrasession variability declines over the

days, indicating regression to the mean after the first day of measurement. This

reduced variability over the days could result from diminished biological variability

because of acquaintance of the volunteers with the procedure, despite the fact that

on all three days the measurements did not start before hemodynamic stability was

attained. Although the intersubject intrasession variability declined, the mean values

of peak and mean wall shear rate were not significantly different over the days.

Therefore, in future studies one session will be enough to assess the shear rate in a

given subject, but probably with a slightly larger variability. The standard error of the

estimate can be reduced by increasing the number of measurements within a

relatively short period of time to minimise the effect of physiological variations.
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In subject 3 and 4 peak wall shear rate and mean wall shear rate were significantly

different on day 1 and day 2 (table 4.1). This can be explained by differences in

hemodynamic conditions as indicated by the differences in peak systolic and mean

centre stream velocity, and heart rate (data not shown) on those two days. If these

subjects are excluded, the mean intersubject intrasession variability is reduced from

12% to about 8% for mean wall shear rate, but it remains the same for peak wall

shear rate (15%). These variations in hemodynamics are likely to be cardiac in

origin, because peak and mean wall shear rate were similar in the right and left

common carotid arteries. The absence of a difference in hemodynamics between

the left and the right common carotid artery in both sexes is in agreement with

previous findings (Fujishiro and Yoshimura 1982; Taylor 1988).

The hematocrit and plasma viscosity, for the calculation of whole blood viscosity,

were assessed only on day 1, because the variation in these parameters over the

days will be small (Maes et al. 1995). Henceforth, the intra- and intersubject

variability as well as the short term and long term variation of the calculated wall

shear stress will be similar to those of the measured wall shear rate (see equation

(4-2)).

In earlier studies using ultrasound (Kamiya and Togawa 1980; Hofstra et al. 1995;

Hoeks et al. 1995) whole blood viscosity was assumed to be constant for the

conversion from wall shear rate to wall shear stress. In the present study a more

realistic individual estimation of wall shear stress was made based on hematocrit

and plasma viscosity, which both depend on personal lifestyle as well as gender

and age.

It is interesting to note that by taking into consideration calculated whole blood

viscosity the nearly significant difference in peak wall shear rate between males and

females shifts to a significant difference in peak wall shear stress. Although mean

wall shear stress is the same in both groups, peak wall shear stress is lower in

females than in males. Thus, whole blood viscosity has to be considered in

interpreting the influence of shear on arterial wall function.
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Caro et al. found in the common carotid artery peak wall shear stresses of the same

order. He suggested that oscillation of shear stress observed in the carotid bulb,

rather than the unidirectional peak wall shear stress, coincides with the localisation

of plaques. The physiological interaction of a higher peak wall shear stress on

endothelial cells is yet unknown.

The moderate variability in the assessment of peak and mean wall shear rate as

observed in this study is partly due to the limitation of measuring shear rate only

over one cardiac cycle. Because of trade-offs between memory size, velocity range

and range in depth, the recording time for a single observation is presently limited to

1.2 seconds. The data analysis is based on measurements over one single heart

beat spaced in time, which results in a higher variance of the measurements than if

the registrations were averaged over several consecutive heart beats.

In the Shear Rate Estimating System a high spatial resolution is obtained by the use

of a high resolution ultrasound system in echo-mode (short pulse, narrow beam

width) in combination with processing of the radio-frequent signal with a length of

the sample window set at 0.30 mm (2 wavelengths), spaced at 0.15 mm (overlap

50%) (Hoeks et al. 1994). An advantage of the Shear Rate Estimating System is

that the time dependent changes in velocity distribution, and hence, in wall shear

rate can be determined. This is not the case in studies in which wall shear rate is

estimated by means of the Hagen-Poiseuille approximation requiring the

measurement of the centre stream velocity with conventional pulsed Doppler

systems and of vessel diameter (Binns et al. 1989; Hofstra et al. 1995).

The Shear Rate Estimating System allows the simultaneous assessment of wall

shear rate, vessel diameter and distensibility (figure 4.3) making it possible to study

the relationship between artery wall function and wall shear rate or stress.

The Shear Rate Estimating System described can only be employed in straight

vessel segments, like the common carotid artery, where a symmetric velocity profile

can be expected. The Shear Rate Estimating System measures blood flow velocity

based on the Doppler principle (velocity vector projection) and therefore, secondary

flows will interfere with the determination of the axial vector in the blood vessel

(Brands et al. 1995).
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In the present Shear Rate Estimating System the maximal centre stream velocity

that can be determined is limited to 1800 mm.s' by velocity aliasing. This limitation

depends on the pulse repetition frequency, the ultrasound carrier frequency (5 MHz)

and the angle of interrogation (70°) of the vessel. A higher pulse repetition

frequency permits detection of higher blood flow velocities, but limits the depth of

interrogation. In both groups, however, none of the subjects exhibited peak blood

flow velocities exceeding 1800 mm.s' and nobody had to be excluded from the

study because of suspected velocity aliasing.

In conclusion, it is shown that with the wall Shear Rate Estimating System, as

described in this study, wall shear rate can be assessed in the common carotid

artery with a moderate variability. Despite a difference in peak and mean centre

stream velocity between the male and female groups, the peak and mean wall

shear rates are not significantly different. Peak wall shear stress, however, is

slightly higher in males than in females, but mean wall shear stress is the same in

both sexes.
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5.1 Abstract

Wall shear stress (wall shear rate multiplied by whole blood viscosity) was assessed

in the right common carotid artery (CCA) of 111 presumed healthy male (n=56) and

female (n=55) volunteers, varying in age between 10 and 60 years. Wall shear rate

was measured with a high resolution ultrasound system. Whole blood viscosity was

calculated from hematocrit, plasma viscosity and shear rate. Simultaneously,

arterial diameter and compliance were determined. From the second to the sixth

age decade peak wall shear stress was significantly higher in males than in females

and decreased linearly from 4.3 Pa to 2.6 Pa (r=-0.56, p<0.001) in males and from

3.3 Pa to 2.5 Pa (/t-0.54, p<0.001) in females. Mean wall shear stress tended to

decrease from 1.5 Pa to 1.2 Pa (r=-0.26, p=0.057) in males and decreased

significantly from 1.3 Pa to 1.1 Pa (n=-0.30, p=0.021) in females. No significant

difference in mean wall shear stress was found between males and females in any

age decade. The diameter of the CCA increased significantly in both males (r=0.26,

p<0.05) and females (r=0.40, p<0.003). Compliance decreased significantly in both

sexes (males: r=-0.48, p<0.001; females: r=-0.69, p<0.001). It is proposed that the

reduction in mean wall shear stress with age results from the concomitant increase

in diameter in an attempt to limit the reduction in compliance of the artery with

increasing age.

5.2 Introduction

Wall shear stress is the drag exerted by flowing blood on the vessel wall. This

stress is thought to play an important role in adaptational processes of the vascular

wall by inducing the production by endothelial cells of substances such as nitric-

oxide (Joannides et al. 1995, Rubanyi et al. 1990), prostacyclin (Frangos et al.

1985), and endothelin (Sharefkin et al. 1991).

Based on the assumption that the arterial tree is an optimally designed conduit

system mean wall shear stress can be expected to be the same for all vessels to

achieve minimal expenditure of energy for flowing blood (minimum work model)
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(Murray 1926, Rodbard 1970). Under physiological circumstances this value was

estimated to be on the order of 1.5 Pa (15 dyne/cm*), irrespective of calibre and

function of the vessel (Kamiya and Togawa 1980, LaBarbera 1990). Indeed, in the

monkey iliac artery Zarins et al. found mean wall shear stress to be regulated

around this value through diameter adaptations (Zarins et al. 1987). Similar

observations were made by Langille and O' Donnell in the rabbit common carotid

artery (Langille et al. 1989). These investigators also showed the diameter

adaptation response to be age dependent, i.e. less efficacy at older age. These

studies indicate that mean wall shear stress is regulated around a certain constant

value by adapting the internal diameter of the vessel to the quantity of blood flowing

through it.

Studies in humans showed an increase of luminal diameter and stiffening of the

vessel wall with advancing age (Baskett et al. 1990, Fujishiro and Yoshimura 1982,

Hansen et al. 1995, Laogun and Gosling 1982, Reneman et al. 1985, Reneman et

al. 1986). The diameter increase throughout life may be attributed to an effort to

limit the reduction of compliance with increasing age (Reneman et al. 1986).

Assuming that the blood flow per unit of tissue is independent of age, estimated

mean wall shear stress would decrease with age due to the age-dependent

increase in diameter (Duncan et al. 1990, Nichols and O'Rourke 1990, Perktold et

al. 1994). This, however, would be at variance with the hypothesis that wall shear

stress is maintained at the same level through diameter adaptations.

It was the aim of the present study to investigate the age and sex dependent

changes in wall shear stress, if any, in the common carotid artery of presumed

healthy male and female volunteers varying in age between 10 and 60 years. The

diameter and the compliance of this artery were assessed as well. Wall shear stress

was calculated from wall shear rate and whole blood viscosity. Wall shear rate was

determined with a specially designed ultrasonic Shear Rate Estimation System

developed at our institute (Brands et al. 1995, Hoeks et al. 1995). This system also

allows the simultaneous assessment of arterial diameter and compliance using a

wall tracking algorithm (Hoeks et al. 1990). Whole blood viscosity was estimated

from hematocrit, plasma viscosity and mean wall shear rate.
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5.3 Materials and methods

5.3.1 Subjects

Two hundred (100 males and 100 females) subjects, varying in age between 10 and

60 years and living in the Maastricht city and environment, were contacted between

September 1995 and August 1996. Their names and addresses were randomly

selected from the population register of Maastricht. Respondents who smoked

and/or used medication were excluded, leaving 129 subjects for further analysis.

From these subjects 18 had to be excluded from the study: eleven subjects

because of diagnosed hypertension (>140 mmHg systolic and/or >90 mmHg

diastolic blood pressure) and/or cholesterol levels higher than 6.4 mmol/L, 2

subjects because of elevated glucose levels (> 10 mmol/l) and 5 subjects because

of detected plaques in the carotid artery bifurcation, leaving 111 subjects (55

females and 56 males) for further analysis. None of these participants had a history

of cardiopulmonary or other major diseases and all were clinically free of

cardiovascular symptoms. All subjects had normal levels of haemoglobin,

hematocrit, glucose, cholesterol, HDL, LDL, triglycerides and plasma viscosity.

According to institutional guidelines, all subjects, including the parents of the

subjects younger than 18 years, were aware of the investigational nature of the

study and gave written informed consent. The study was approved by the joint

medical ethical committee of the Academic Hospital Maastricht and Maastricht

University.

5.3.2 Wall shear rate assessment: The Shear Rate Estimation System

The ultrasonic system to measure wall shear rate has been described in detail

before (Brands et al. 1995, Hoeks et al. 1995, Samijo et al. 1997). In short, for the

present study the Shear Rate Estimation System (SRES) consisted of an Ultramark

9 plus (Advanced Technology Laboratories, Bellevue, WA, USA) with a broadband

(5-9 MHz) curved array transducer and an ultrasonic processing system in a

personal computer (figure 5.1). The received raw digitised (20 MHz) radio-frequent
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(rf) signals were transferred to the personal computer (486DX4/100) through an

interface configuration consisting of an internal card in the ATL-system in

combination with a custom built plug-in card for the PC. The latter card makes it

possible to selectively capture segments of the rf signals starting at a preselected

depth and with a preselected width. To assess the instantaneous blood velocity

distribution along a selected line of observation (in B-mode) with a high axial

resolution, the echo system was switched to a wide band pulsed Doppler mode with

short transducer activation.

Echo
System

t
|

1st RF-signal

marker 1 ^ ^ ^ ^

t

marker 2 ~w~

Probe /

gel/^-

anterior

posterior

wall

wall

COMPUTER
Cross

Correlation Algorithm

Distension
Velocity and Shear

rate distribution

ultrasound beam

Figure 5.1

Schematic representation of fne shear rate measurement procedure. /Wer a

measurement /s reca/ted the end-d/asto/ic /umen boundaries are manua/Ay

identified w/fh manVers. whereupon ca/cu/afion ot distension waveform, ve/odfy

and shear rate distribution ;s started. c.c.a= common carotid artery, e.c.a.

«extema/ carotid artery, i.c.a. = intema/ carotid artery.
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The returned acoustic signals have an effective pulse length of 3 periods at 5.3 MHz

equivalent to a spatial resolution of 375 Mm. Each velocity estimate is based on

overlapping data segments of 300 pm in depth and 10 ms in time and is obtained

using a modelled cross correlation function for the rf signal (Brands et al. 1995).

Data acquisition is initiated synchronously with a trigger derived from the top of the

R-wave of the ECG, facilitating the detection of the maximum (systolic), mean and

minimum (diastolic) velocity (in mm.s') as well as the initial (diastolic) arterial

diameter. The available PC memory presently limits the recording time to 1.2

seconds, which is sufficient to capture data of one heartbeat. Processing of the

received rf signals as function of time provides both the time dependent change of

arterial diameter (distension waveform) (Hoeks et al. 1990) and the velocity

distribution as function of depth (figure 5.2a) (Brands et al. 1995).

depth [mm Um« (•)

Figure 5.2

(a> The ve/oc/ry d/sfributon across /he d/ame/er as /uncf/or» of //me /n /he

common carotid artery o/ a presumed hea//hy ma/e vo/unteer The ve/oc/ry

proff/e /s a flattened parabo/a.

(ity 77ie /ns/an/aneous shear rate d/sfr/ötyf/ör? as ft/nc//on or //me /n /he common

carof/d artery o/ /he same vo/un/eer show/ng /he h/ghes/ va/t/es near /he

vesse/ tva//s w;/h /he peafc ya/i/es /n sys/o/e.
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The peak value of the distension waveform gives the distension (4/?). The

velocity waveform as recorded in the centre of the lumen provides peak

systolic velocity (PSV in mm.s') and mean velocity (/WV in mm.s'). The latter

is comparable with the mean of the spatial envelope of the Doppler signal

received with conventional pulsed Doppler systems in the centre of the lumen.

The instantaneous shear rate distribution follows from the radial derivative of the

velocity profile at each time instant. A typical recording of a shear rate distribution is

shown in figure 5.2b. The maximum value of the derivative, averaged for the

anterior and posterior wall of the vessel, is considered as an estimate of wall shear

rate. The averaging procedure is performed to minimise possible effects induced by

secondary flows (Brands et al. 1995). The peak wall shear rate in systole (PIVSf? in

s') and shear rate averaged over one cardiac cycle, i.e., mean wall shear rate

(Afl'VSfl in s '), are used for further analysis.

5.3.3 Hemodynamic monitoring

Brachial artery blood pressure and heart rate were determined with a semi-

automated oscillometric device (Dinamap; Critikon, Tampa, Florida, USA), which

was set to take a recording every 5 minutes.

5.3.4 Assessment of compliance

To investigate the relationship between wall shear stress and the elastic behaviour

of the vessel wall, if any, the compliance coefficient (CQ of the common carotid

artery was calculated from the measured diameter, distension and blood pressure

data:

[mm*/kPa] (5-1)
2AP
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where D is end-diastolic diameter in mm and JP is pulse pressure (systolic minus

diastolic pressure) in kPa as measured at the brachial artery in the upper arm. The

latter is an estimate of the pulse pressure in the common carotid artery (Reneman

et al. 1986). This coefficient can be regarded as a parameter for the storage

capacity of an arterial segment for blood.

5.3.5 Biochemical analysis

Blood samples were obtained without stasis from an antecubital vein for

determination of hematocrit, haemoglobin, glucose, high density lipoprotein (HDL),

low density lipoprotein (LDL), triglycerides and cholesterol using standard auto-

analysing techniques. Plasma viscosity was determined using an Ostwald micro-

viscometer (Schott Gerate GMBH, Hofheim, Germany).

5.3.6 Wall shear stress assessment

From plasma viscosity, hematocrit and mean wall shear rate whole blood viscosity

(WßV) can be estimated using the approximation proposed by Weaver (Weaver et

al. 1969):
log WßV = log r?„ + a.Hf (5-2)

with a = 0.030-0.0076 log

where WBV is whole blood viscosity in mPa.s, rjo plasma viscosity in mPa.s, Ht

hematocrit in percentage, and MWSf? mean wall shear rate in s \ This

approximation circumvents the practical problems associated with the direct

measurement of whole blood viscosity.

To asses wall shear stress (WSS), wall shear rate (WSfl) was multiplied by the

estimated whole blood viscosity, employing the relationship:

(5-3)
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5.3.7 Measurement Procedure

The measurements were always performed in the morning. The subjects were

examined in supine position in a climatised room with a temperature of 22°C- 24°C.

A history on symptoms related to atherosclerosis was taken, after which a physical

examination was performed. Blood was collected and after an acclimatisation period

of at least 10 minutes the blood pressure and ultrasound measurements started.

The echosystem was switched to B-mode to verify if both common, internal and

external carotid arteries were free of plaques and to select the site of measurement.

Wall shear rate measurements were performed only in the right common carotid

artery as preliminary studies have shown that there are no differences in

hemodynamics between the left and right common carotid arteries (Fujishiro and

Yoshimura 1982, Olson 1974, Samijo et al. 1997, Taylor 1988). A line of

observation was selected crossing the right common carotid artery (CCA) 2 to 3 cm

proximal to the tip of the flow divider at an angle of 70 degrees with the longitudinal

axis of the artery (figure 5.2). Hereafter a recording during 1.2 seconds of the

received rf signals was made and stored on the hard disk of the computer. The

measurement procedure was repeated 20 times with a time interval of 2 to 3

minutes. After these measurements, each recording was recalled where after the

vessel walls were manually identified by placing sample volumes, indicated by

markers, on the reflections of the anterior and posterior vessel wall (figure 5.2). The

distance between both markers, corrected for the angle of observation, is

considered as the initial (end-diastolic) diameter (D in |am) of the vessel.

At the end of the measurement session the SRES was set to calculate artery wall

distension, and the velocity and wall shear rate distributions in the artery, taking

about 2 minutes per measurement with the computer employed. From the 20

independent measurements per subject only recordings with an axial symmetrical

velocity profile were included. Within each session on the average 1 to 2 recordings

had to be excluded, because they did not meet the criteria.
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5.3.8 Statistical analysis

Data are expressed as mean ± standard deviation (SD). The unpaired Student's

t-test was employed to explore whether differences in the parameters measured

with the SRES were statistically significant between males and females. To

investigate age dependency linear regression was performed. Regression

coefficients (slope) are expressed with their standard error (re ± se). The

significance level was set at p<0.05. All statistical analyses were performed with the

statistical software package SPSS for Windows, release 6.0.

5.4 Results

5.4.1 Wall shear stress as function of age

Between 10 and 60 years of age PWSS and MIVSS decreased in both the female

and the male group (tables 5.1 and 5.2; figures 5.3 and 5.4).

In the female group PWSS decreased by 26% (3.33 to 2.48 Pa, rc= -0.024 ± 0.005)

and MWSS by 19% (1.29 to 1.05 Pa, rc= -0.005 ± 0.002). In the male group these

parameters decreased by 40% (4.27 to 2.56 Pa, rc= -0.035 ± 0.007) and 18% (1.45

to 1.19 Pa, rc= -0.005 ± 0.002), respectively. PWSS was significantly higher in

males than in females, until the sixth age decade. The regression coefficients for

this parameter were similar for both groups (figure 5.3). MWSS decreased slightly

but significantly in the female group and was similar to the male group, although the

latter descent just did not reach the level of significance (figure 5.4).
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Table 5.1

Pea* fPSW anrf mean WV7 o/ood flow ve/oc/fy, pea* ^PWSW and mean

wa// snear rafe, and peaAr tf>WSS; and mean WWSS; vva// snea/-

as ft/ncf/on o/ aye per decade /n fne /vpnf common carof/d a/?e/y 'n

/ne fema/e orot/p fn = 55A * deno/es siy/>///ca/>f d//fere/>ce compared fo fne

oraup ^rao/e 5.2A

Females

•g« n PSV MV PWSR

Imm.s'] Imm.s'] [s']

10-19 y 10 848 t 149 315 ±59 1150 ±191

MWSR

[s']

450 ±85

PWSS MWSS

[Pa] [Pa]

3.33 ± 0.62' 1.29 ±0.16

2.87 + 0.49* 1.12 ±0.18

2.75 ± 0.57* 1.14 ±0.24

20-29 y 12 762 t 136 267 ± 40 965 ±182 375 + 52

30-39 y 15 706 ±133 289 ±43 906 ±152 379 ± 80

40-49 y 10 592 176 266155 748 + 138 357 ±111 2.36 ± 0.25* 1.11 ±0.23

50-59 y 8 621 ± 88 282 ± 52 793 ±136 341 ± 99 2.48 ± 0.38 1.05 ± 0.23

Table 5.2

Pea/c (PSV; and mean (MV9 b/ood Wow ve/oc/ry, pea/c ^PWSfl> and mean

f/WH'Sfl; wa« snear ra/e, and peafc CPtVSS^ and mean ^MIVSS; wa// shear s'ress

as /uncf/on o^ aye per decade /n fne righf common caro'/d artery in fhe mate

group fn= 56/

Males

age n PSV MV PWSR MWSR PWSS MWSS

- ^ =i [mm.s'] [mm.s'l [s ' ] [s'J [Pa] [Pa]

10-19 y 8 976 ±130 347 ±37 1389 ±219 475 ± 68 4.27 ± 0.78 1.45 ±0.20

20-29 y 12 904 ±113 319 ±47 1050 + 264 408 ± 83 3.59 ± 0.80 1.39 ±0.19

30-39 y 18 848+143 297 ±57 983 ± 188 375 ± 74 3.26 ± 0.58 1.24 ± 0.21

40-49 y 11 767 ±136 297 ±51 942 ±193 410 ±83 3.07 ±0.44 1.33 ±0.20

50-59 y 7 667 ±104 301+67 767 ±114 357 ± 81 2.56 ± 0.31 1.19 ±0.24
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* Females v= 3.56-0.024x. r- -0.54,
p<0.001

•Mains v = 4.540.035X. r- -0.56. . J

10
i

7030 50
age [year]

Figure 5.3

Pea/c wa// snear sfress (PWSS,) /n fne ngn/ common carottd arte/y as /uncWon o/

age /n fhe /ema/e and mate groups.

A Females y= 1.31-0.005X, r= -0.30, p= 0.021

• Males y= 1.47-0.005X, r= -0.26, p= 0.057

10 20 30 40 50

age [year]

60

Figure 5.4

Mean wa// snear sfress (M WSS> /n /ne r/gnf common carof/d artery as funcf/on of

age /n /ne fema/e and mate groups.
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5.4.2 Wall shear rate and blood flow velocity as function of age

Between 10 and 60 years of age in the female group PWSR (table 5.1) decreased

by 31% (1150 to 793 s"\ rc= -9.82 ± 1.68, r= -0.63, p<0.001), MWSR by 24% (450

to 341 s"\ rc= -2.40 ± 0.87, r= -0.35, p<0.008) and PSV by 27% (848 to 621 mm.s"\

rc= -6.74 ± 1.23, r= -0.60, p<0.001). W decreased by 10%, but this descent did not

reach the level of significance (315 to 282 mm.s\ rc= -0.72 ± 0.52, r= -0.19, p=

0.17). In the male group (Table 5.2) PWSR decreased with age by 45% (1389 to

767 s \ rc= -11.79 ± 2.41, r= -0.55, p<0.001), MWSR by 25% (475 to 357 s"\ rc= -

1.79 ± 0.88, r= -0.30, p<0.025), PSV by 32% (976 to 667 mm.s \ rc= -7.08 ±1.41,

r= -0.56, p<0.001), and MV by 13% (347 to 301 mm.s"\ rc=-0.94 ± 0.58, r= -0.27,

p<0.111). The regression coefficients for either of these parameters were not

significantly different between the male and the female group.

5.0 • '

4.5 • •

£ 4.0 ••
Q.

£3.5 +

2.5 + A

2.0

A Females y= 2.79+0.008x, r= 0.31, p= 0.021

• Males y= 3.20+0.004X, r= 0.13, p= 0.344

10 30 50

age [year]

70

Figure 5.5

Wnote Wood viscosity f WB V) as funcfion 0/ age in fne fema/e and mate groups.
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8 5 0 0 T

7500-

6500-

5500-

4500

A Females y= 5716+12.95x. r= 0 40. p= 0.003

• Males y= 6078+10.50x. r= 0.26. p= 0.053

A

•+• •+•
10 20 30 40

age [year]

50 60

Figure 5.6

/nfema/ d/amefer of fhe nghf common carof/d artery (CC/ty as fc/ncf/on o/ age /n

fhe fema/e and mate groups.

2.0 T
A Females y= 1.19-0.012x, r= -0.69, p<0.001

• Males y= 1.20-0.011x, r= -0.48. p<0.001

10 30 50

age [year]

70

Figure 5.7

The comptance coe/ffc/enf of fne r/gr>f common carof/d (CC/4J artery /n /ne

fema/e and mate groups as functon o/ age.
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5.4.3 WBV as function of age

In the female group WBV showed a significant increase of 10% (2.89 to 3.18 mPa.s,

rc= 0.008 ± 0.003, r= 0.31, p<0.021) between 10 and 60 years of age. In the male

group WBV tended to increase about 6% (from 3.03 to 3.22 mPa.s, rc= 0.004 ±

0.004, r= 0.13, p= 0.34), but this change did not reach the level of significance

(figure 5.5).

5.4.4 Diameter and compliance as function of age

In both sexes the diameter of the CCA increased significantly about 7% (females

from 5.92 to 6.31 mm and males from 6.02 to 6.44 mm) from the second to the sixth

age decade. The diameter increase (figure 5.6) with age was similar for both sexes

(females: rc= 12.9 ± 4.1, r= 0.40, p=0.003; males: rc= 10.5 ± 5.3, r= 0.26, p= 0.05).

CC decreased significantly by 48% (1.01 to 0.53 mrrvVkPa, rc= -0.012 ± 0.002, r=

-0.69, p<0.001) in the female group and by 46% (1.05 to 0.59 mm^/kPa, rc= -0.011

± 0.003, r= -0.48, p<0.001) in the male group (figure 5.7). It is of interest to note that

in this population the decrease in CC is not due to an increase of AP. From the

second to the sixth age decade JP decreased significantly in males (rc= -0.37 ±

0.07, r= -0.54, p<0.001) and did not change in the females (rc= 0.10 ± 0.08, r= 0.17,

p=0.21). Therefore the observed decrease in compliance with increasing age can

only be attributed to a loss of elasticity of the arterial wall.

5.5 Discussion

In this study peak and mean wall shear stress in the right common carotid artery of

humans, varying in age between 10 and 60 years were determined with a non-

invasive system based on ultrasound technology. In both sexes peak and mean wall

shear stress decreased linearly with age. The decrease in peak wall shear stress is

more pronounced in males than in females up to the sixth age decade. No

significant difference in mean wall shear stress could be found between males and

females.
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For both sexes the decrease in peak wall shear stress with age can be explained by

the descent of peak wall shear rate due to a decrease in peak systolic blood flow

velocity. The latter is in agreement with previous studies in which blood flow velocity

was also found to decrease with age (Fujishiro and Yoshimura 1982, Taylor 1988).

The higher peak wall shear stress in males than in females can be attributed to the

higher peak wall shear rates (although not significantly different per decade)

combined with the higher whole blood viscosities in males. The higher blood

viscosity in males than in females as observed in the present study is in agreement

with observations of de Simone et al. (de Simone et al. 1990). The physiological

implication of a difference in peak wall shear stress due to gender for the vessel

wall is as yet unknown and needs further investigation.

The descent of mean wall shear stress with age in both sexes was surprising,

because we expected this parameter to be regulated around the same value. This

hypothesis was based on the minimum work theory, proposing a constant value of

mean wall shear stress irrespective of diameter (LaBarbera 1990, Murray 1926,

Rodbard 1970). On the other hand, assuming no change in volume flow with age,

the increase in diameter with increasing age, which is in agreement with earlier

observations (Baske« et al. 1990, Fujishiro and Yoshimura 1982, Kawasaki et al.

1987, Reneman et al. 1985) will result in a reduction of mean wall shear rate and,

hence, a decrease of mean wall shear stress when the increase in blood viscosity

with age is limited as is the case in the present study. Despite the decrease of mean

wall stress with increasing age the measured values still remain in the range

compatible with the minimum work theory according to Kamiya et al. (Kamiya et al.

1984). These investigators concluded that mean wall shear stress in the arterial tree

should be within the range of 0.75 to 2.25 Pa. The individual mean wall shear stress

values found in the present study varied between 0.53 Pa and 1.61 Pa in females

and between 0.82 Pa and 1.76 Pa in males between the second and sixth decade.

In a recent study, Gnasso et al. found a more pronounced decrease of mean wall

shear stress with age than in the present study (Gnasso et al. 1996). In their study

the subjects at older age appeared to be overweighted (BMI > 25 kg/m*), which was

not the case in the younger population. It is known that in obese subjects blood flow
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velocities are underestimated as compared to lean subjects, explaining partly the

lower range of mean wall shear stress values at older age and, thereby,

confounding the correlation between wall shear stress and age. Moreover, wall

shear stress was estimated indirectly based on the Poiseuille's equation, assuming

a steady parabolic velocity profile. The shape of the velocity profile, however, varies

with the phase of the cardiac cycle (figure 5.1) and has a flattened rather than a

parabolic profile (Reneman et al. 1985, Samijo et al. 1997). Thus the time

dependent change of the velocity gradient in the spatial direction is not taken into

account in their study. In a former study of our group it has been shown that the

approximation of wall shear stress based upon Poiseuille results in an

underestimation, especially at higher blood flow velocities (Hoeks et al. 1995). This

will affect the outcome of age dependency studies because blood flow velocities

decreases with age.

Although in both sexes mean wall stress remains within the physiological range, as

far as the minimum work theory is concerned, it can not be excluded that the lower

wall shear stress at older age negatively influences endothelial cell function and,

hence, the properties of the arterial wall. Low wall shear stress, after all, has been

associated with the initiation of atherosclerosis (Caro et al. 1971) and arterial wall

thickening (Friedman et al. 1981, Zarins et al. 1983). It may quite well be that the

impaired endothelial cell function at older age (Egashira et al. 1993, Hongo et al.

1988, Lusher et al. 1993, Taddei et al. 1995, Zeiher et al. 1993) is related to the

reduced wall shear stress.

To tentatively investigate the relations between wall shear stress, age and vessel

wall structure (diameter) and function (distension and compliance), if any, a multiple

stepwise forward regression analysis was performed. In the female as well as in the

male group an association was found between peak wall shear stress and

distension (females r= 0.66, p<0.0001; males r= 0.69, p<0.0001). independent of

the other variables indicating dominance over age and compliance. The significant

positive correlation between peak wall shear stress and distension is at variance

with findings in in vitro model studies (Anayiotos et al. 1994, Duncan et al. 1990). In

the latter studies wall shear stress in a rigid tube was compared to wall shear stress
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in an elastic tube of the same diameter. In the present study, however, the elasticity

of the common carotid artery is inversely coupled to the arterial diameter with a

variable flow, which probably explains the discrepancy between our findings and the

results of the in vitro studies.

The stepwise forward regression analysis also indicates a strong negative

correlation between mean wall shear stress and diameter (females r= -0.62,

p<0.0001; males r= -0.55. p<0.0001). dominating the contribution of age or

compliance. This suggests that the decrease of mean wall shear stress as function

of age can be attributed to an increase of vessel diameter. The latter induces a

decrease of mean wall shear rate, which in combination with a relatively small

increase in whole blood viscosity results in a decrease of mean wall shear stress.

The increase of vessel diameter can be seen as an attempt to limit the decrease in

compliance with increasing age (Reneman et al. 1986) suggesting that (pulsatile)

volume flow is the regulated parameter with age. This could also be explained from

the minimum work theory. Incorporation of compliance in this theory will reveal that

at a lower distension a shift to a larger diameter is necessary to attain minimum

cost. The latter concept needs theoretical exploration.

Our results show that with increasing age regulation of mean wall shear stress is

not fully attained via adjustments of lumen diameter. Studies which do show direct

interaction between wall shear stress and diameter pertain to experiments in which

wall shear stress is changed acutely by alterating flow (Langille et al. 1989, Zarins

et al. 1987). These and our findings indicate that mean wall shear stress is adjusted

by vessel diameter in case of acute and subacute changes in volume flow, but that

in chronic processes, such as ageing, other factors are involved.

In conclusion, the present investigation indicates that in the common carotid artery

of human males and females peak and mean wall shear stress decrease linearly

with age. The decrease of peak wall shear stress results from a decrease in peak

wall shear rate with increasing age. The decrease of mean wall shear stress results

from the age dependent change in diameter of the artery in an attempt to limit the

loss of compliance under these circumstances.
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6.1 Abstract

It is generally accepted that cigarette smoking accelerates atherogenesis, probably

via endothelial injury. Endothelial cell and function are affected by wall shear stress

(wall shear rate times blood viscosity). This hemodynamic factor is also found to be

of importance in atherogenesis. Whether cigarette smoking affects the basal level of

wall shear stress is unknown. In the present study, peak and mean wall shear rate

were non-invasively measured in the common carotid artery of 20 presumably

healthy smoking and lifetime non-smoking male subjects, using a shear rate

estimating system based on ultrasound. The equipment also allows the

measurement of arterial diameter and arterial wall characteristics, like distension

(AD) and strain (S). Blood viscosity was determined where after peak and mean

wall shear stresses were calculated. Between the smoking and non-smoking males

no significant difference in peak (3.2 ± 0.8 Pa vs. 3.3 ± 0.8 Pa) and mean (on the

order of 1.3 Pa) wall shear stress, diameter (6.7 ± 0.5 mm vs. 6.5 ± 0.4 mm) and

vessel wall characteristics could be found. It is concluded that chronic smoking does

not affect the basal level of wall shear stress in the common carotid artery of men.

6.2 Introduction

Cigarette smoking is a major risk factor for the development of atherosclerosis.

Although the underlying mechanism is not precisely known, there are indications

that repetitive injury of endothelial cells via smoke constituents plays a role in

atherogenesis due to smoking (Bierman 1987). Long term cigarette smoking has

morphological effects on the endothelium (Davis et al. 1989) and it has been

observed that blood plasma of smokers contains more cotinine and thiocyanate

compared to non-smokers, products that are cytotoxic to endothelial cells (Blann

and McCollum 1993). Moreover, cigarettes smoke products causes impairment of

endothelial cell prostacyclin production (Reinders et al. 1986), which may lead to

impaired vasodilating properties. Indeed, acute smoking induces a significant

decrease in endothelium dependent dilatation in the brachial artery (Lekakis et al.
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1997), while the basal nitric oxide-mediated vasodilation may be impaired (McVeigh

et al. 1996). Endothelium dependent vasodilation is related to wall shear stress

(Oavies 1991, Rubanyi et al. 1986), which is the drag exerted on the vessel wall,

i.e., the endothelium, by the flowing blood. Changes in wall shear stress induce

alterations in the production of nitric oxide (Cooke et al. 1990), prostacyclin

(Frangos et al. 1985), and endothelin (Yoshizumi et al. 1989) and alterations in

vasodilation or vasoconstriction, respectively (Davies 1991). In addition,

atherosclerosis preferably develops in areas of low wall shear stress (Gibson et al.

1993, Nerem 1995).

Thus, both smoking and wall shear stress affect endothelial cell function and are

thought to play a role in atherogenesis. However, whether chronic smoking

influences wall shear stress is as yet unknown.

Therefore, it was the aim of the present study to investigate whether smoking

influenced peak and mean wall shear stress (wall shear rate times blood viscosity)

in the common carotid artery. The study was performed on smoking and lifetime

non-smoking male subjects. Wall shear rate was assessed non-invasively by means

of an especially designed system (Brands et al. 1995) and wall shear stress was

calculated by multiplying the assessed wall shear rate by local whole blood

viscosity. The ultrasound system also allows the assessment of arterial luminal

diameter and changes in diameter during the cardiac cycle (distension), allowing the

calculation of strain.

6.3 Material and methods

6.3.1 Subjects

The study was performed on 20 smoking and 20 age-matched, lifetime non-

smoking males. Both groups had an average age of 39 ± 10 years. The duration of

smoking was on the average of 19.4 ± 6.5 years (range 8 to 35 years). The number

of cigarettes smoked per day was on the average 19.5 ± 6.4 (range 15 to 30
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cigarettes). None of the subjects had a history of coronary heart disease,

cerebrovascular accidents, peripheral arterial disease, diabetes or hyperlipidemia.

They used no medication, had normal glucose levels, hematocrits, lipid profiles and

blood pressures (systolic blood pressure < 140 mm Hg; diastolic blood pressure S

90 mm Hg). All subjects were aware of the investigational nature of the study and

had given written informed consent. The study was approved by the joint medical

ethical committee of the Academic Hospital Maastricht and the Maastricht

University.

6.3.2 Wall shear rate assessment

Wall shear rate was measured only in the right common carotid artery, because

preliminary studies have shown that there are no differences in hemodynamics

between the left and the right common carotid artery (Samijo et al. 1997). The

system used to measure wall shear rate, the Shear Rate Estimating System

(SRES), has been described in detail before (Brands et al. 1995, Hoeks et al. 1995).

Briefly, an echosystem (Ultramark 9 plus, Advanced Technology Laboratories,

Bellevue, WA, USA) with a broadband (5-9 MHz) curved array transducer was used

to receive reflected and backscattered ultrasound signals. The received wide-band

digitised (20 MHz) radio-frequency (rf) signals were transferred to a computer

(486DX4/100) through an interface configuration, consisting of an internal card in

the ATL-system in combination with a custom build plug-in card for the personal

computer. The latter card allows the selective capture of segments of the rf signal

starting at a preselected depth and with a preselected width. At present the

available PC memory limits the recording to 1.2 seconds, which is sufficient to

capture data of one complete heartbeat.

To assess the instantaneous blood velocity distribution along a line of observation

(selected in B-mode) with a high axial resolution, the echosystem was switched to a

wide band pulsed Doppler mode with short transducer activation. The returned

acoustic signals have an effective pulse length of about 3 periods at 5.3 MHz,

equivalent to a spatial resolution of 375 |am. Each velocity estimate is based on half
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overlapping rf data segments of 300 micrometers in depth and 10 ms in time and is

obtained by means of a modelled cross correlation algorithm for the rf signals

(Brands et al. 1995).

Data acquisition is initiated synchronously with a trigger derived from the top of the

R-wave of an ECG signal, facilitating the detection of the end-diastolic diameter (D),

the diameter change over time and the cross- sectional time dependent velocity

distribution. The peak value of the diameter change during the cardiac cycle

(distension waveform) gives the distension

Velocity distribution

1500

Shear rate distribution

0 0

Figure 6.1

Ve/oc/ry and snear rate dJsfritoufton /n fne CC>4 of a ma/e smotong sub/ecf.
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Based on the same rf signals the time-dependent velocity distribution was

calculated. A typical velocity distribution in the common carotid artery of a smoking

subject is given in figure 6.1a. The velocity distribution provides peak systolic blood

velocity (PSV in mm.s"') and the time averaged mean velocity (Ml/in mm.s '), both

in the centre of the lumen. The latter is comparable with the time-averaged mean

frequency of a Doppler signal received with conventional pulsed Doppler systems

from the centre of the lumen.

The instantaneous shear rate distribution follows from the radial derivative of the

velocity profile at each site and at each time instant, as is shown in figure 6.1b. The

average of the maximum values of the shear rates at the anterior and posterior

vessel wall is considered as an estimate of the instantaneous wall shear rate. The

spatial averaging procedure is performed to minimise possible effects induced by

secondary flows (Brands et al. 1995). The values of the spatial maximum (peak)

wall shear rate at peak systole (PWSP. in s"') and wall shear rate averaged over one

cardiac cycle (the mean wall shear rate, /WWSPi in s"') were used for further

analysis.

6.3.3 Hemodynamic monitoring

Blood pressure and heart rate were determined with a semi-automated oscillometric

device (Dinamap; Critikon, Tampa, Florida, USA) on the contralateral upper arm

relative to the site of ultrasound measurement (left brachial artery). The device was

set to take a recording every 5 minutes. The average of the values for the systolic

and diastolic blood pressure (SOP and DSP), mean arterial blood pressure (M4P),

pulse pressure (PP) and heart rate (Hfl) over the session was noted as the

subject's reading.

6.3.4 Assessment of strain (S)

The strain is calculated as:

(6-1)
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6.3.5 Biochemical analysis

Blood samples were obtained without stasis from an antecubital vein for

determination of hematocrit, hemoglobin, high-density lipoprotein (HDL) cholesterol,

triglycerides and total cholesterol using standard auto-analysing techniques. Plasma

viscosity was determined using an Ostwald micro-viscometer (Schott Gerate GmbH,

Hofheim, Germany).

6.3.6 Whole blood viscosity assessment

From plasma viscosity, hematocrit and mean wall shear rate, whole blood viscosity

can be estimated using the approximation proposed by Weaver (Weaver et al.

1969):

log WßV= log ^ + a.Hf (6-2)

with a = 0.030-0.0076 log

where WSl/ is whole blood viscosity in mPa.s, no plasma viscosity in mPa.s, Ht

hematocrit in percentage, and /v/WSfl mean wall shear rate in s"\ The

approximation circumvents the practical problems associated with the direct

measurement of whole blood viscosity and incorporates the correction for local

shear rate conditions.

6.3.7 Wall shear stress assessment

To assess wall shear stress (WSS), wall shear rate (WSfl) was multiplied by the

estimated whole blood viscosity (WßV). employing the relationship:

WSS = WBVlVSfl (6-3)
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6.3.8 Measurement Procedure

All the measurements were performed in the morning. The smoking subjects did not

smoke for at least one hour prior to the measurements. The subjects were

examined in the supine position in a climatised room with a temperature of 22°C •

24°C. A history on symptoms related to atherosclerosis was taken, after which a

physical examination was performed. Blood was collected and after an

acclimatisation period of at least 10 minutes the blood pressure and ultrasound

measurements started. First, on both sides, the common, internal and external

carotid arteries were visualised in B-mode to screen for possible existence of

plaques and to select the site of measurement. A line of observation was selected

crossing the right common carotid artery (CCA) 2 to 3 cm proximal to the tip of the

flow divider at an angle of 70 degrees with the longitudinal axis of the artery.

Hereafter a recording of the received rf signals was made during 1.2 seconds and

stored on the hard disk of the computer. The measurement procedure was repeated

20 times with a time interval of 2 to 3 minutes and the average of these

measurements was taken as the subject's reading. After these measurements, each

recording was recalled where after the vessel walls were manually identified by

placing sample volumes, indicated by markers, on the reflections of the anterior and

posterior vessel wall. The distance between both markers, corrected for the angle of

observation, is considered as the initial (end-diastolic) diameter (D in urn) of the

vessel.

At the end of the measurement session the SRES was set to calculate arterial wall

distension simultaneously with the velocity and wall shear rate distributions in the

same artery segment, which took about 2 minutes per measurement with the

computer employed. From the 20 independent measurements per subject only

those recordings with a symmetrical velocity profile were included. Within each

session on the average 1 to 2 recordings had to be excluded because they did not

meet the criteria.

An earlier study showed that in the CCA of a young population the assessment of

peak WSS and mean I/VSS had an intrasession intrasubject variation per
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measurement, in terms of coefficient of variation, of on the order of 15% and 12%,

respectively (Samijo et al. 1997). The intersession variability was on the same order

(Samijo et al. 1997). Therefore, the average of 20 measurements, which will reduce

the variability substantially, was used for further analysis.

6.3.9 Statistical analysis

Data are expressed as mean ± standard deviation (SD). The unpaired Student's

t-test was employed to explore whether differences in the parameters measured

with the SRES were statistically significant between the smoking and non-smoking

population. The significance level was set at p<0.05. All statistical analyses were

performed with the statistical software package SPSS for Windows, release 6.0.

6.4 Results

The findings in the present study are presented in table 6.1. No significant

difference was observed in PtVSS (on the order of 3.4 ± 0.8 Pa) between the

smoking and non-smoking subjects. Also no significant difference in mean wall

shear stress (MWSS) could be detected between the smoking and non-smoking

group (about 1.3 ± 0.2 Pa).

Also PWSft was not significantly different between the smoking and non-smoking

group (905 ± 260 s ' vs. 1038 ± 264 s"'), neither was AfWSfl (363 ± 85 s"' vs. 407 ±

75 s').

Whole blood viscosity was significantly higher in the smoking than in the non-

smoking group (3.57 ± 0.52 mPa.s vs. 3.27 ± 0.27 mPa.s; p= 0.03).

Compared to the non-smoking group no significant differences in diameter (6.7 ±

0.5 mm vs. 6.5 ± 0.4 mm) and in vessel wall properties (JD: 540 ± 168 vs. 529 ±

155 um; S: 8 ± 2.6% vs. 8.2 ± 2.5%) could be observed. Hemodynamic parameters

such as blood pressure and heart rate were similar for both groups.
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The smoking subjects had a significant lower body mass index (SM/) than the non-

smoking subjects (23.9 ± 2.7 kg/m* vs. 25.9 ± 3.0 kg/m*; p=0.04). This difference

was due to the difference in weight (84.6 ± 10.9 kg vs. 74.3 ± 8.7 kg; p=0.003)

rather than the difference in height between the smokers and non-smokers (1.81 ±

0.07 m vs. 1.77 ± 0.06 m; p=0.05).

Table 6.1
Mean ± sfanc/ard ctewafKjn and p-va/ue For abbreviations see texf.

PWSS [Pa]

MWSS [Pa]

PWSR [s ' ]

MWSR [s ' ]

WBV [Pas]

Vmax [mm.s']

Vmean [mm.s']

Diameter [urn]

AD [urn] -

S[%] ^ •-• '- ~ .:-

SBP[mmHg] f •

DBP[mmHg] ; ^

MAP [mm Hg]

PP[mmHg]

HR [beats/min]

HB [mmol.L'] ,r

Ht[L/L]

HDL [mmol.L']

Triglyceride [mmol.L']

Cholesterol [mmol.L']

r|o [mPa.s]

Weight [kg]

Height [m] .

BMI [kg/rrr*]

Smoking

3.2 ± 0.8

1.3 ±0.2

905 ±260

363 ±85

3.57 ±0.52

757 ±138

284 ±59

• 6705 ±496

' 540 ±168

8.1 ±2.6

:*?? k? 126 ±8

' 76 ±7

••-^.•-^ 9 3 ± 6

50 ±6

i 68 ±9

r - 9.6 ±0.6

: 0.45 ±0.029

1.19 ±0.37

1.30 ±0.58

5.49 ±0.85

1.18 ±0.10

74.3 ±8.7

1.77 ±0.063

23.9 ±2.7

Non-smoking

3.4 ± 0.8

1.3 ±0.2

1038 t264

407 ±75

3.27 ± 0.27

827 ±158

313 ±48

6487 ± 421

529 ±155

8.2 ± 2.5

124 ±9

71 ±9

89 ±8

53 ±7

64 ±10

9.4 ± 0.4

0.44 ±0.022

1.09 ±0.22

1.35 ±0.77

5.23 ±0.88

1.15 ±0.05

84.6 ±11

1.81 ±0.67

25.9 ±3.0

P value

0.50

0.51

0.12

0.09

0.03

0.14

0.10

0.14

0.83

0.88

0.44

0.08

0.14

0.24

0.26

0.33

0.25

0.33

0.83

0.35

0.32

0.003

0.05

0.04
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The biochemical assays revealed no differences between the smoking and non-

smoking group (HDL: 1.19 ± 0.37 mmol/L vs. 1.09 ± 0.22 mmol/L; Triglyceride: 1.30

± 0.58 mmol/L vs. 1.35 ± 0.77 mmol/L; Cholesterol: 5.50 ± 0.85 mmol/L vs. 5.24 ±

0.88 mmol/L).

6.5 Discussion

This study was undertaken to investigate whether chronic smoking affects wall

shear stress in the common carotid artery. No significant difference in peak and

mean wall shear stress is found between the smoking and non-smoking subjects.

Also peak and mean wall shear rate, arterial diameter and wall properties are

similar in the smokers and non-smokers, while blood viscosity is higher in the

smoking group.

The results in the present study indicate that chronic smoking does not influence

peak and mean wall shear stress in the common carotid artery and, therefore, it

might be that the mechanism to regulate these parameters is intact in smokers.

Mean wall shear stress depends on the magnitude of blood flow and the internal

arterial diameter. Assuming the same blood volume flow to the brain for both

smokers and non-smokers, mean wall shear stress can only be regulated by arterial

diameter, the latter being similar between the smoking and non-smoking subjects.

The similar diameter and vessel wall properties, between the two groups

corroborate with the findings in another study of our group (Kool et al. 1993). It has

to be pointed out that the measurements in the present study were performed in

resting conditions. Our findings are in agreement with those in other studies, in

which vasorelaxation (in terms of flow and diameter) was investigated, albeit in the

brachial artery (Kiowski et al. 1994, McVeigh et al. 1996. Woo et al. 1997).

The magnitude of wall shear stress affects endothelial cell function and may induce

the release of vasoactive substances (Davies 1991) and thus vasorelaxation. Peak

and mean wall shear stress are in the normal range (Samijo et al. 1998), and also in

agreement with the calculated range of wall shear stress values based on the
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minimum work theory (LaBarbera 1990, Zamir 1977). It is within this range (1.5 ±

0.75 Pa) that vascular homeostasis is maintained, especially endothelial cell

function, and arterial wall damage is prevented (LaBarbera 1990, Rodbard 1970,

Zamir 1977).

Also, both high and low wall shear stress has been associated with the

development of atherosclerosis (Nerem 1995). The findings in our study indicate

that in resting conditions the interaction between wall shear stress and endothelial

cell function is not necessarily disturbed. Our findings are in agreement with a study

performed by Jacobs et al., (Jacobs et al. 1993) in which no significant difference in

endothelial cell-dependent or -independent vasorelaxation in the forearm was

observed between smokers and non-smokers, indicating that endothelial cell

function may still be preserved in smokers. Even an augmented endothelial derived

vasorelaxation has been observed in the common carotid artery of rats that were

subjected to cigarette smoke (Nene et al. 1997).

Other study, however, indicate that cigarette smoking, nicotine and cigarette smoke

extracts all adversely effects endothelial cell function (Blann and McCollum 1993,

Cohen 1995). Cigarette smoking inhibits prostacyclin release by endothelial cells

(Reinders et al. 1986) and exhibits an impairment of basal (Kiowski et al. 1994), but

not stimulated, nitric oxide-mediated vasodilation (McVeigh et al. 1996) in the

brachial artery. The discrepancy between these observations and the

aforementioned ones might be explained by the duration of smoking. Evidence for

this is given by Celemayer et al. (Celemajer et al. 1993), who observed a

diminished vasodilation in smoking subjects (compared to former smokers and non-

smokers), which was proportional to the number of years of smoking.

Another explanation for our observations might be the general condition of the

smoking subjects. In the present study none of the subjects had detectable

atherosclerotic lesions in the common carotid artery or deviating biochemical

parameters (HDL cholesterol, triglyceride and total cholesterol were normal). It has

been shown that chronic cigarette smoking decreases plasma high density

lipoprotein (HDL) cholesterol and total cholesterol levels, independent of age,
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obesity, alcohol use or exercise (Criqui et al. 1980, Garrison et al. 1978). Craig et al.

(Craigh et al. 1989) performed a meta-analysis of 54 published studies and showed

that smokers had a significantly higher level of total cholesterol, triglycerides and

very low density lipoprotein (VLDL) cholesterol as well lower concentrations of HDL

cholesterol. The subjects in the present study can thus be regarded as clinically

healthy smokers, who are still able to regulate wall shear stress at a normal level in

resting conditions.

It has been shown that atherosclerosis preferably starts in areas with low rather

than high wall shear rate or wall shear stress (Caro et al. 1971, Chien et al. 1966).

The present study shows that wall shear rate and wall shear stress are not

significantly different between smokers and non-smokers. It may indicate that the

atherogenic effects of smoking can not be explained through an effect on wall shear

stress, at least in the common carotid artery, assuming that the sensitivity of the

endothelium to wall shear stress is not changed in smokers. Moreover, our data

show that the non-significant lower wall shear rate counteracts the effect of a higher

blood viscosity in the smoking subjects, indicating that wall shear stress is the

regulated parameter. The observed higher blood viscosity in the smoking group is in

accordance with previous observations (Nowak et al. 1987, Winniford 1990).

The smoking group has a significantly lower body mass index, which was merely

due to a significant difference in weight. This observation is in agreement with other

studies in which the relation between body mass index and smoking was

investigated (Molarius et al. 1997, Rasky et al. 1996).

In conclusion, in resting conditions peak and mean wall shear stress in the common

carotid artery is not significantly different in habitual smokers and non-smokers.

Therefore, the role of smoking in atherogenesis has likely to be explained by a

direct effect on endothelial function.
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7.1 Abstract

Under physiological circumstances in the common carotid artery (CCA) mean wall

shear stress (tVSS), defined as mean wall shear rate (tVSft) times local whole

blood viscosity (WBV), is maintained at approximately 1.5 Pa. In patients with end

stage renal failure (ESRF) whole blood viscosity is low and it is not unlikely that

mean I^SS is lower in these patients than in control subjects. Moreover,

hemodialysis causes an acute increase in blood viscosity with possible effects on

yvSS. IVSS in the CCA was determined with the Shear Rate Estimating System, an

apparatus based on ultrasound, in ESRF patients (n=13) and in presumed healthy

age and sex-matched control subjects (n=13). Prior to hemodialysis, mean WSS

(0.67 ± 0.23 Pa) was significantly (p<0.05) lower in patients with ESRF, due to both

a lower WBV (2.80 ± 0.52 mPa.s) and mean WSf? (271 ± 109 s'), than in the

control subjects (mean IVSS: 1.24 ± 0.20 Pa; WßV: 3.20 ± 0.29 mPa.s; WSfl: 387 ±

51 s"'). Hemodialysis induced an increase in WSl/ (up to 3.71 ± 1.54 mPa.s,

p<0.01), but mean IVSS did not change significantly due to a reciprocal decrease of

mean wall shear rate. These findings demonstrate that IVSS is lower in patients

with ESRF than in control subjects, but that mean IVSS is still regulated when blood

viscosity is acutely changed. The former observation may contribute to the higher

incidence of cardiovascular disease in these patients

7.2 Introduction

Under physiological circumstances wall shear stress in the common carotid artery is

on the order of 1.5 Pa (15 dynes/cm*) (Kamiya and Togawa 1980, Rodbard 1970,

Samijo et al. 1998, Zarins et al. 1987). According to Poiseuille wall shear stress is

related to volume flow and diameter, i.e., the higher volume flow and the smaller

diameter are, the higher wall shear stress will be and vice versa. In patients with

end stage renal failure (ESRF) blood viscosity is lower, due to volume overload

(Feriani et al. 1992, Seyfert et al. 1991) and anemia (Brenner and Lazarus 1987),

and arterial end-diastolic diameter is larger than in control subjects (Barenbrock et

al. 1993, London et al. 1990). Hence, in these patients a large arterial diameter
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combined with a low blood viscosity may result in a low mean wall shear stress.

Moreover, observational studies indicate that the site of preference of atherogenesis

coincides with areas of low wall shear stress (Caro et al. 1971, Friedman et al.

1981). Therefore, the higher incidence of cardiovascular diseases in ESRF patients

(Lindner et al. 1974, Nicholls et al. 1980) might be related to a prevailing low wall

shear stress.

Hemodialysis results in an acute rise in blood viscosity. Studies in animals

(Melkumyants and Balashov 1990), in which blood viscosity was deliberately

changed, indicate that an acute increase in blood viscosity does not result in a

change in mean wall shear stress, but is maintained at a constant level via arterial

diameter adaptation. The alteration of the arterial diameter acts as a feedback

system to restore mean wall shear stress to its original value to maintain optimal

flow conductivity (Kamiya and Togawa 1980). Therefore, it is of interest to know

whether ESRF patients, despite their pathological condition, are able to maintain

mean wall shear stress at a constant level in response to hemodialysis.

In this light the aim of the present study is twofold. First, it will be investigated

whether prior to dialysis wall shear stress in the common carotid artery of ESRF

patients is different from that in presumed healthy age and sex matched control

subjects. Second, we study whether wall shear stress in the common carotid artery

of ESRF patients is maintained when blood viscosity is increased acutely following

hemodialysis.

7.3 Material and methods

7.3.1 Subjects

The study was performed on 13 ESRF patients (9 males and 4 females) on a

regime of repetitive hemodialysis via an arteriovenous (AV)-fistula for 3 to 4 hours

three times a week. The duration of dialysis varied between 3.5 to 5 hours,

dependent on the volume status of the patient. The subjects had no history of
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coronary heart disease, cerebrovascular accidents, peripheral arterial disease,

diabetes or treated hyperlipidemia and had been on the hemodialysis program for

periods ranging from 1 month to 20 years. The ESRF group had an average age of

47 years (range 34 to 61 years), a weight of 74 kg (range 58 to 97 kg) and a height

of 170 cm (range 160 to 188 cm). They used medication common for ESRF patients

such as vitamin supplements, erythropoietin and ion exchangers. They did not use

anti-hypertensive medication. The control group (9 males and 4 females) had an

average age of 44 years (range 34 to 58 years), a weight of 75 kg (range 54 to 87

kg), and a height of 175 cm (range 162 to 188 cm). They had normal glucose levels,

hematocrits, lipid profiles and normal blood pressures (<, 140/90 mmHg). All

subjects were aware of the investigational nature of the study and had given written

informed consent. The joint medical ethical committee of the Academic Hospital

Maastricht and the Maastricht University approved the study.

7.3.2 The Shear Rate Estimating System (SRES)

The system used to estimate wall shear rate (SRES) has been described in detail

before (Brands et al. 1995, Hoeks et al. 1995). Briefly, an echosystem (Ultramark 9

plus, Advanced Technology Laboratories, Bellevue, WA, USA) with a broad band

(5-9 MHz) curved array transducer was used. The reflected acoustic signals have

an effective pulse length of nearly 3 periods at 5.3 MHz, equivalent to a spatial

resolution of 375 urn. The received wideband digitised (20 MHz) radio-frequent (rf)

signals were transferred to a computer through an interface configuration consisting

of an internal card in the ATL-system in combination with a custom built plug-in card

for the PC. The latter card allows the selective capture of segments of the rf signal

starting at a preselected depth and with a preselected width. The PC memory

presently available limits the recording to 1.2 seconds, which is sufficient to capture

data during one complete heartbeat. Data acquisition is initiated with a trigger

derived from the top of the R-wave of the ECG, facilitating commencement of the

recording at the end of the diastolic phase. A recording consists of rf signals as

function of time and depth. On this rf matrix an rf cross correlation function is

applied to calculate the velocity distribution for signal windows with a width of 300
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urn in depth and 10 ms in time, spaced at 150 urn and 5 ms respectively (50%

overlap). From the velocity distribution the instantaneous shear rate distribution can

be calculated by taking the radial derivative at each time instant. Using the same rf

matrix the change of the diameter in time is calculated from the reflections of the

anterior and posterior walls.

7.3.3 Measurement procedure

The ESRF patients were examined in the half supine position (normal hemodialysis

position). Measurements were performed in the common carotid artery (CCA)

contralateral to the arm with the AV-fistula before and immediately after

hemodialysis. Investigations started after 5 to 10 minutes of rest. The CCA was

investigated, because of its easy access and the symmetric velocity profiles in this

artery (Reneman et al. 1985). The carotid bifurcation was visualised first in B-mode

to ensure that the common, internal and external carotid arteries were free of

plaques. Using the tip of the flow divider as a landmark, the probe position was

manipulated until a suitable line of sight (M-line) could be selected, crossing the

artery at an angle of 70 degrees with the longitudinal axis of the artery 2 to 3 cm

proximal to the tip of the flow divider. After positioning the line of interrogation the

ultrasound system was switched to M-mode with short transducer activation, to

ensure a high resolution, and a high line repetition frequency, where after a

recording of the received rf signals during one cardiac cycle was made and stored

on the hard disk of the computer. This procedure was repeated 15 times with a time

interval of 1 to 3 minutes between the measurements.

The control subjects were investigated in the resting supine position and

measurements were performed only in the right common carotid artery using the

same measurement procedure as in the ESRF patients.

After the measurements, each recording was recalled to identify manually the

vessel walls by placing sample volumes, indicated by markers, on the reflections of

the anterior and posterior walls on the first rf line acquired. The minimal distance
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between the markers was defined as the end-diastolic diameter (D in mm). Then the

computer was set to calculate off-line the diameter changes during the cardiac cycle

as function of time (distension waveform). The maximum value of this waveform

during the cardiac cycle provides the distension (Dist in urn). From the rf signals

between the markers the velocity distribution was calculated

A typical velocity distribution as recorded in an ESRF patient is presented in figure

7.1A. The velocity distribution provides the peak systolic velocity (PSV in mm.s') and

the time averaged mean velocity ( W i n mm.s') in the centre of the lumen. The latter is

comparable with the time-averaged mean frequency of the Doppler signal received

with conventional pulsed Doppler systems from the centre of the lumen.

The instantaneous shear rate distribution (figure 7.1B) was derived from the radial

derivative of the velocity profile (figure 7.1 A) at each time instant.

The average of the maximum values of the shear rates at the anterior and posterior

vessel walls are considered as an estimate of instantaneous axial wall shear rate. The

spatial averaging procedure was performed to minimise possible effects induced by

secondary flows (Brands et al. 1995). The values of wall shear rate at peak systole

(peak wall shear rate, PWSfl in s') and shear rate averaged over one cardiac cycle

(mean wall shear rate, MWSR in s"') were used for further analysis. From the 15

independent measurements per session only recordings with an axial symmetrical

velocity profile were included. Within each measurement session on the average 2 to 4

registrations had to be excluded from further analysis, because they did not meet the

criteria.

An earlier study showed that in the CCA of a young population peak IVSS and

mean WSS could be determined with an intrasession intrasubject variation on the

order of 15% and 12%, respectively. The intersession variability was of the same

order (Samijo et al. 1997). Hence, averaging over about 15 measurements provides

a precise estimate.
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7.3.4 Blood assessment

Before and after hemodialysis of the ESRF patients, blood was collected from the

venous side of the arteriovenous-shunt. In the control subjects blood was collected

without stasis from an antecubital vein. Blood samples were taken to determine

hematocrit (Hf) and plasma viscosity (*/o) for the calculation of whole blood viscosity.

WßV was determined using an Ostwald micro-viscometer (Schott Gerate GmbH,

Hofheim, Germany).

7.3.5 Wall shear stress calculation

Using the approximation proposed by Weaver (Weaver et al. 1969), whole blood

viscosity (Wßy in mPa.s) was estimated from plasma viscosity frjo in mPa.s),

hematocrit (Hf in percentage) and mean wall shear rate in s' \

log WßV = log r/o + a.Hf (6-1)

with a = 0.030 - 0.0076 log

To obtain wall shear stress, the measured wall shear rate was multiplied by the

calculated whole blood viscosity:

(6-2)

7.3.6 Hemodynamic monitoring

In the ESRF group systolic blood pressure (SßP), diastolic blood pressure (DßP),

mean arterial pressure (M4P), and heart rate (Hfl) were determined with a semi-

automated oscillometric device (Dinamap; Critikon, Tampa, Florida, USA), which

was set to take a recording about every 3-5 minutes in the upperarm contralateral to

the arm with the arteriovenous fistula before and after hemodialysis. In the control

group blood pressure was measured on the left or right upper arm during the

session.
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7.3.7 Data analysis

To detect significant differences between the ESRF patients and the control

subjects the unpaired Student's t-test was applied. For this comparison only data in

the ESRF patients prior to hemodialysis were used. To detect significant differences

between pre and post hemodialysis the paired Student's t-test was applied. To

investigate relationships between the measured parameters before and after

hemodialysis a (multiple) regression analysis was performed on the differences of

these parameters. These differences (post minus pre dialysis) are indicated by A as

prefix for such a parameter. The significance level was set at p<0.05. All statistical

analyses were performed with the SPSS statistical software package for Windows,

release 6.0.

7.4 Results

7.4.1 Control subjects versus ESRF subjects (table 7.1)

Before hemodialysis MWSS was significantly lower in ESflF patients (0.67 ±

0.23 Pa) than in control subjects (1.24 ± 0.20 Pa) as a result of both a lower

MlVSf? and a lower WßV. The lower WßV in the ESRF group before dialysis

(2.80 ± 0.52 Pa.s) could be attributed to the lower hematocrit and MWSF? in

these patients, because no significant difference in plasma viscosity could be

detected between the ESRF group (1.16 ± 0.05 Pa) and the control group (1.16

± 0.07 Pa). PtVSS was significantly lower in the ESRF than in the control group.

PWSfl and PSV were not significantly different in the ESRF and the control

group, indicating that the difference in PWSS is due to the difference in WSV

between the two groups. The diameter of the CCA was significantly larger in the

ESRF patients (7.29 ± 0.89 mm) than in the control subjects (6.29 ± 0.49 mm).

Generally higher blood pressures were found in the ESRF group, while heart

rate (Hfl) was the same in both groups.
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Tab»« 7.1

Measured parameters (mean ± standard dewafron) or fne CC4 of confro/ sub/ecfs

(>j=f3^ and or ESWF paf/enfs f7i=f3/* denofes s/gn/ftcanf d/fference befween

confro/ sub/ecfs and ESRF paf/enfs." denofes s/gn/f/canf difference of ESftF

paf/enfs before and after nemod/a/ys/s D/amefer (D). d/sfens/on (D/sr), sfra/n (S|

mean (MV;. comp//ance (CQ. peafc (PSV> and mean (MV; b/ood «ow w/oc/fy,

pea* (PWSfl; and mean ("MlVSfl; wa// snear rate, peafc CPIVSS; and mean

("MWSS,) wa// snear sfress, systo/k: ^SßP; and d/as/o//c (DSP; b/ood pressure,

pu/se pressure (PP^. mean (M/4Pj arfena/ pressure, riearf rate fHW| wrio/e b/ood

and p/asma wscos/fy C»7o I

^ , . _ Control subjects Pre-DIalysis Post-Dlalysit

D[mm] , , 6.29 ±0.49 7.29 ±0.89* 7.42 ±1.02

Dist[|im] 450 ±160 479 ±128 403 ± 151 "

PSV [mm.s'] 734 ±152 644 ± 220 554 ± 1 6 2 "

MV[mm.s'] 287 ±42 204 ± 70 * 170 ±66 "

PWSR[S"̂ ] 902 ±178 815 ±337 746 ± 284

MWSR[s"'] 387 ±51 271 ±109* 234 ± 150

PWSS[Pa] 2.87 ±0.54 2.25 ± 0.65 * 2.59 ± 0.78 "

MWSS[Pa] 1.24 ±0.20 0.67 ±0.23* 0.69 ± 0.30

SBP[mmHg] 121 ±8 143 ± 18 * 123 ±21 "

DBP[mmHg] 7 3 + 9 80 ±15 75 ±15

PP[mmHg] 48 ±7 63 ± 10 * 48 ±12 "

MAP[mmHg] 90 ±7 107 ± 17 * 94 ±17 "

HR[bpm] 67 ±12 - 74 ±11 79 ±13

WBV [mPa.s] 3.20 ± 0.29 * 2.80 ± 0.52 * 3.71 ± 1.54 "

Ht [LA] 0.43 ± 0.03 0.31 ± 0.05 * 0.34 ± 0.06 "

Tio [mPa.s] 1.16±0.07 ' ' ' * 1.16±0.05 1.26±0.10"
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7.4.2 Pre versus post hemodialysis in the ESRF patients (table 7.1)

After hemodialysis PWSS increased significantly by about 15%. MWSS, however,

remained at the same level (0.69 ± 0.30 Pa), despite a significant increase in WßV

of on the order of 33%. The latter increase resulted from a significant increase in

both hematocrit (10%) and in plasma viscosity (9%) (figure 7.2). PWSfl and MWSft

did not change significantly, but PSV and MV decreased significantly after

hemodialysis. The diameter increased by about 2%, but this change just did not

reach the level of significance. SSP, PP and M4P decreased significantly, while

heart rate did not change.

y = -44.76x + 4.76
= 0.34

Figure 7.2

The c/iange /n b/ood wscos/ry (JWSW and fhe change ;n wa// shear rate

(JMWSfty due to hemod/a/ys/s exh/b/f a s/gn/ficanf negaf/Ve corre/af/on (r= -0.58,

p=0.037). 77J/S ;mp/»es fhaf /n order to ma/nfa/n mean wa// shear sfress consfanf

an increase /n Mood wscos//y /s counterba/anced by a decrease /n wa// shear

rafe.
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A significant negative correlation (r=-0.58, p=0.037) was found between .

and JWßV (figure 7.2). Notably, after hemodialysis in one of the subjects WSV

increased excessively (about 5 mPa.s) due to an increase of both Hf (from 0.40 to

0.47 LA) and no (1.14 to 1.37 mPa.s), and a pronounced decrease in wall shear

rate (from 220 s ' to 65 s'). Therefore, this patient can be regarded as an outlier,

but was maintained in the analysis.

7.5 Discussion

7.5.1 ESRF versus control subjects

The findings in the present study show that in patients with end stage renal failure

(ESRF) mean wall shear stress is on the order of 0.7 Pa, which is about 40% lower

than mean wall shear stress in age and sex matched controls (1.2 Pa). In these

patients peak wall shear stress (2.3 Pa) is also lower than in the control subjects

(2.9 Pa). The low wall shear stress in these patients prior to hemodialysis is due to

both a significantly lower whole blood viscosity and a significantly lower wall shear

rate. The lower whole blood viscosity mainly results from a lower hematocrit.

The pathophysiological consequences of low wall shear stress for the

cardiovascular system is still a matter of debate, but there is increasing evidence

that artery wall thickening and atherosclerosis are preferentially initiated in areas of

low shear stress (Caro et al. 1971, Friedman et al. 1981, Kornet et al. 1999, Kornet

et al. 1998, Zahns et al. 1983). Therefore, it may quite well be that the low peak and

mean wall shear stress in ESRF patients, at least partly, contributes to their higher

risk of cardiovascular diseases.

The larger diameter of the common carotid artery in ESRF patients prior to dialysis

as found in the present study is in accordance with previous observations

(Barenbrock et al. 1993, London et al. 1990). The mechanism underlying this

increase in diameter is as yet unknown. A possible explanation for the observed

diameter enlargement could be the repetitive volume expansion and the

concomitantly higher blood pressure, inducing a chronic dilation of elastic arteries

as the common carotid artery. Because compliance and strain in the ESRF patients

are not significantly different from healthy subjects, remodelling of the common

carotid artery rather than a change in arterial wall properties has to be considered.
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7.5.2 Predialysis versus postdialysis

After hemodialysis mean wall shear stress does not change significantly and is kept

at the relatively low level of 0.7 Pa via reciprocity of mean wall shear rate and whole

blood viscosity. This indicates that in ESRF patients the vascular system is still

capable of maintaining mean wall shear stress, despite an acute increase of blood

viscosity due to hemodialysis. Experiments on in situ blood-perfused feline femoral

arteries have shown that when flow and perfusion pressure are kept constant, a

decrease in viscosity by hemodilution and an increase in viscosity by

hemoconcentration induce a decrease and an increase in the diameter of the

vessels, respectively. These changes were shown to be endothelium dependent

(Melkumyants and Balashov 1990, Melkumyants et al. 1989). The observations in

the present study indicate that in ESRF patients endothelial cell function is

apparently still able to regulate mean wall shear stress adequately, albeit at a lower

absolute level. The latter can likely be explained by the increase in diameter of

about 2%, although not significantly (p=0.062). The non-significant increase in

diameter is probably explained by the decrease in mean arterial pressure from 107

to 94 mmHg (p<0.05), which will counteract the increase in diameter due to the

enhanced wall shear stress. To the best of our knowledge, this is the first study

showing that in humans mean wall shear stress can be maintained at a certain

level, despite an acute increase in whole blood viscosity.

The slight diameter increase after hemodialysis in the present study seems to

contrast the results obtained in a previous study, showing vasoconstriction of the

common carotid artery (Barenbrock et al. 1993). In the latter study, however,

diameter measurements in the ESRF patients were performed about 2 hours after

termination of hemodialysis. In the present study arterial diameters were measured

immediately after hemodialysis, i.e., at a moment when blood viscosity and, hence,

wall shear stress is expected to be at its highest value. Two hours after

hemodialysis the vasodilating effect of an increase in wall shear stress may have

disappeared leading to vasoconstriction due to the persisting dominating influence

of a reduced arterial blood pressure.
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In conclusion the findings in the present study indicate that in patients with end

stage renal failure peak and mean wall shear stress in the common carotid artery

are lower compared to age and sex matched control subjects but that mean wall

shear stress is still regulated despite acutely changed blood viscosity.
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8.1 Abstract

According to Murray's law, pertaining to the minimum work model for an optimal

conduit system, it can be inferred that mean wall shear rate (WS/?) and mean wall

shear stress (WSS = WSR times whole blood viscosity) have the same magnitude

throughout the arterial tree. However, evidence is lacking that Murray's law indeed

holds for human arteries, mainly because of the absence of a reliable technique to

assess wall shear rate and stress in vivo. Using a Shear Rate Estimating System

(SRES), based on ultrasound, wall shear rate was measured non-invasively in

humans to verify Murray's law. We assessed tVSfl in the elastic common carotid

artery (CCA) and the muscular brachial artery (BA) of 12 presumably healthy young

male subjects (mean age 34 ± 4 y), using the SRES. Peak WSfl and mean WSfl

were significantly higher in the CCA than in the BA (1094 ± 337 s ' vs. 839 ± 181

s'\ p<0.01 and 428 ± 94 s ' vs. 227 ± 87 s"'; p<0.01, respectively). Peak WSS did

not differ between the CCA and the BA (3.05 ± 0.88 Pa vs. 3.73 ± 0.97 Pa, p=0.06).

Mean IVSS in the CCA was significantly higher than in the BA (1.38 ± 0.18 Pa vs.

0.90 ± 0.20 Pa, p< 0.01). These findings demonstrate that peak and mean M/Sflas

well as mean IVSS are higher in the CCA than in the BA and that along the arterial

tree Murray's law is not applicable.

8.2 Introduction

According to literature, the branching vasculature of the mammalian circulatory

systems, including the human arterial system, generally obeys Murray's law

(Kamiya et al. 1984, LaBarbera 1990, Sherman 1981, Zamir 1977). This law states

that in a branching fluid transport system the cube of the radius of a parent vessel

equals the sum of the cubes of the radii of the daughter vessels, provided that the

fluid is Newtonian. It can then be inferred that blood vessel volume flow is

proportional to the cube of the radius. Consequently, mean wall shear stress is

constant and the same throughout the transport system (Sherman 1981, Zamir

1977).
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Empirical studies indicate that Murray's law is applicable to the human circulatory

system, but other data suggest that this is not necessarily the case (LaBarbera

1990, Sherman 1981). In a previous study (Samijo et al. 1998) we have found that

in the common carotid artery mean wall shear stress is on the order of 1.2 Pa

independent of age and gender, a value close to the theoretically predicted value of

1.5 Pa. In the femoral artery bifurcation, however, we found mean wall shear stress

to be substantially lower than in the common carotid artery, i.e., 0.36 Pa in the

common femoral artery and 0.55 Pa in the superficial femoral artery (Kornet et al.

1999).

In the present study we explored the differences in wall shear rate and stress along

the arterial tree, if any, by comparing the values in the elastic common carotid artery

with those in the muscular brachial artery of presumed healthy volunteers.

The Shear Rate Estimating System (SRES) used is based on ultrasound (Brands et

al. 1995, Hoeks et al. 1995) and provides the instantaneous wall shear rate

waveform. From the waveform peak and mean wall shear rate and subsequently,

peak and mean wall shear stress were estimated, taking into account blood

viscosity. The equipment also allows for simultaneous assessment of arterial

diameter (D) and the change in diameter during the cardiac cycle (distension

waveform).

Wall shear data as assessed with the SRES were compared to those calculated

according to Poiseuille' s law to evaluate whether the pulsatile behaviour of blood

velocity in arteries indeed modifies mean wall shear rate and stress.

8.3 Patients and methods

Twelve presumed healthy male subjects (mean age 34 ± 4y) participated in the

study. All subjects were non-smokers and normotensive. The subjects were aware

of the investigational nature of the study and had given written informed consent.

The study was approved by the joint medical ethical committee of the Academic

Hospital Maastricht and the Maastricht University.
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The measurements were always performed in the morning. The subjects were

examined in the supine position in a climatised room with a temperature of 22°C-

24°C. After an acclimatisation period of 10 minutes the measurements were started.

The blood pressure oscillometer, a semi-automated oscillometric device (Dinamap;

Critikon, Tampa, Florida, USA), was set to take a recording every 5 minutes. Wall

shear rate measurements were performed on the right CCA and BA in a random

order.

8.3.1 The Shear Rate Estimation System (SRES)

The Shear Rate Estimation System (SRES) is based on ultrasound and has been

described in detail elsewhere (Brands et al. 1995, Hoeks et al. 1995). Briefly, an

echosystem (Ultramark 9 plus, Advanced Technology Laboratories, Bellevue, WA,

USA) with a broadband (5-9 MHz) curved array transducer was used to emit and to

receive reflected ultrasound signals. The raw digitised (20 MHz) radio-frequency (rf)

signals received were transferred to a personal computer (PC) through an interface

configuration consisting of an internal card in the ATL-system in combination with a

custom built plug-in card for the PC. The latter card allows capturing selectively

segments of the rf signals starting at a preselected depth and with a preselected

width. To assess the instantaneous blood velocity distribution along a selected line

of observation with high axial resolution, the echosystem was switched to a wide

band M-mode with a high pulse repetition frequency (10 kHz). The returned

acoustic signals had an effective pulse length of 3 periods at 5.3 MHz, which is

equivalent to a spatial resolution of 375 Mm. Each velocity estimate was based on

half overlapping data segments of 300 (jm in depth and 10 ms in time and was

calculated by means of a modelled cross correlation function for the rf signals

(Brands et al. 1995). Data acquisition was initiated synchronously with a trigger

derived from the top of the R-wave of the ECG signal, facilitating the detection of

the maximum (systolic) and mean velocity (in mm.s') as well as the end-diastolic

arterial diameter (D in mm) and distension waveform. The PC memory presently

available limits the recording duration to 1.2 seconds, which is sufficient to capture

data over one complete heartbeat.
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dtplh |mm) Urn« [»] time [s]

Figure 8.1

Vetoc/ry (a.) and snear rate d/sfribuf/on (b,) ;n fhe common carof/d artery or a

sub/ecf.

«Ml»!

Figure 8.2

Ve/oc/ry (a^ and shear rate d/sfr/bi/f/on fb^ /n /ne brach;a/ artery of ffte same

sub/ecf as shown »n ffgure 8. fa and 8.7b.

166



Chapter 8

Processing of the received rf signals as function of time provides both the distension

waveform and the velocity distribution as function of depth and time. The peak value

of the diameter change as function of time gives the distension (JD in urn). Typical

time-dependent velocity distributions in the common carotid artery (CCA) and in the

brachial artery (BA) of a subject are given in figure 8.1a and figure 8.2a,

respectively. The velocity distribution provides peak systolic velocity (PSV in

mm.s') and mean velocity (MV in mm.s'), averaged over one heart cycle, in the

centre of the lumen. The latter is comparable with the mean velocity derived from a

Doppler signal observed in the centre of the lumen with conventional pulsed

Doppler systems.

The instantaneous shear rate distribution follows from the radial derivative of the

velocity profile at each site and each time instant. Typical recordings of the shear

rate distribution in the CCA and BA, are shown in figure 8.1b and figure 8.2b,

respectively.

The average of the maximum values of the derivatives in the vicinity of the anterior

and posterior vessel walls is considered as an estimate of wall shear rate in an

artery. The averaging procedure is performed to minimise possible effects induced

by secondary flows (Brands et al. 1995). Peak wall shear rate at peak systole

(PWSfl in s') and mean wall shear rate (the time averaged shear rate over one

cardiac cycle; MWSfl in s') were used for further analysis.

8.3.2 Measurement procedure in the CCA

The CCA was visualised in B-mode with the head of the subject slightly tilted in the

contra lateral direction. The common, internal and external carotid arteries, on both the

left and right side, were evaluated for the presence of plaques. Measurements were

performed on the right side only. The tip of the flow divider was used as a landmark,

where after the probe position was manipulated until a suitable line of sight could be

selected, crossing the artery at an angle of 70 degrees with the longitudinal axis of the

artery 2 to 3 cm proximal to the tip of the flow divider. After positioning the line of

observation the ultrasound system was switched to M-mode at a high pulse repetition

frequency (10kHz). whereafter a recording was made. This procedure was repeated

15-20 times with a time interval of 1 to 2 minutes between the measurements.
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8.3.3 Measurement procedure in the BA

The right BA was visualised in B-mode with the arm and hand in the dorsal position.

Subsequently, a suitable line of sight was selected, crossing the artery at an angle

of 70 degrees with the longitudinal axis of the artery, and the ultrasound system was

switched to M-mode, where after a recording was made. The measurement

procedure was repeated 15-20 times with a time interval of 1 to 2 minutes between

the measurements.

Because of motion artefacts (movements of the artery with respect to the probe) in

both the CCA and the BA during each measurement session approximately 1 to 3

registrations had to be excluded. The data of the remaining registrations were used

to compute the means per artery per session.

Averaging over about 15 measurements provides a precise estimate, because in a

previous study from our institute the intrasession and intrasubject variability was

found to be 15% and 12%, respectively (Samijo et al. 1997).

8.3.4 Assessment of wall shear rate via Poiseuille's law

To assess differences between wall shear stress as determined with the Sf?fS and

as determined according to Poiseuille's law, if any, wall shear rate was also

calculated (CIVSf?). assuming a parabolic velocity profile, by means of the following

equation:

(8-1)

where V„«, is the (averaged) peak systolic blood flow velocity in the centre of the

artery and D is the measured internal diameter of the artery. The angle of

observation was 70°.
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8.3.5 Viscosity assessment ^

At the end of the session blood was collected for determination of hematocrit (Hf)

and plasma viscosity (rjo). The latter were used to calculate whole blood viscosity

using the approximation proposed by Weaver (Weaver et al. 1969):

log WSV = log rj„ + «. Hf (8-2)

with a = 0.030-0.0076 log

where WBV is whole blood viscosity in mPa.s, rjo plasma viscosity in mPa.s, Hf

hematocrit in percentage, and MWSfl mean wall shear rate in s '.

This approximation properly accounts for the effect of local MWSfl on WBV, i.e., a
lower shear rate results in a higher blood viscosity.

WSS was calculated from the following relation:

WSS = WSfl'WBV (8-3)

8.3.6 Biochemical analysis

Blood samples were obtained without stasis from an antecubital vein for

determination of hematocrit, haemoglobin, glucose, high density lipoprotein (HDL),

low density lipoprotein (LDL), triglycerides and total cholesterol using standard auto-

analysing techniques. Plasma viscosity was determined using an Ostwald micro-

viscometer (Schott Gerate GmbH, Hofheim, Germany).

8.3.7 Data analysis

For comparison of the data in the brachial and the common carotid artery the paired

Students t-test was used. Values were expressed as mean ± standard deviation

(SD). A p-value less than 0.05 was considered as statistically significant. Linear

regression was employed to study the relations, between 2 parameters, if any. A

significant relationship was present if the 95% confidence interval excluded zero

with p<0.05. All statistical analyses were performed with the SPSS statistical

software package for Windows, release 6.0.
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8.4 Results

The data are presented in table 1. Pl/^SS was higher in the BA than in the CCA, but

this difference just did not reach the level of significance. PtVSft, A/fWSS and

AfWSfl were significantly lower in the BA than in the CA. The different findings of

PIA'SS and PWSfl in the CCA and BA emphasizes the interaction between MWSfl

and H/SV/, which is reflected by a significant higher WßVin the BA than in the CCA.

D and ,1D were smaller in the BA than in the CCA. CMWSfl was significantly lower

in the BA than in the CCA, while C/lflVSS was at the same level in both arteries.

An interesting observation is that C/WlVSf? and C/WWSS are significantly lower (p<

0.001) than MWSfl and MWSS, respectively, in both the BA and the CCA. Thus,

both wall shear rate and wall shear stress are underestimated when determined

based on Poiseuille's law.

Table 8.1

Va/ues or fne parameters as assessed /n fhe CC.4 and fne SA Date are

presented as mean va/ues and standard dewaf/ons befween parenfneses.

S/gn/ffcances are g»Ven /n p-va/ues. ns = nor s/gn/l/canf. CMWSfl and CMWSS =

MlVSfl and MWSS accord/ng to Po/seu///e's /aw.

CCA " ' ' B * ' Significance

PWSS [Pa] 3.05(0.88) 3.73(0.97) =0.06

MWSS [Pa] 1.38(0.18) 0.90(0.20) <0.01

PWSR [s'] 1094(337) 839(181) <0.01

MWSR [s'] 428(94) 226(87) <0.01

WBV [Pa.s] 3.3(0.3) 4.2(0.8) <0.01

D [mm] 6.8(0.5) 4.5(0.4) <0.01

AD [urn] 800(426) 105(58) <0.01

CMWSS[Pa] 0.56(0.09) 0.58(0.12) ns

CMWSR[s'] 174(39) 145(53) =0.04
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<r> tf?e CC/A p/otted aga/nsf MWSS /n f/ie 8-4.

In both the CCA and the BA linear regression analysis showed no relationship

between diameter and measured peak or mean wall shear stress (data not shown).

Also no relationship was found between /WIVSS in the CCA and MI^SS in the BA

(figure 8.3). In all subjects, haemoglobin, hematocrit, glucose, HDL, LDL,

triglycerides and total cholesterol values were within the normal ranges.

8.5 Discussion

The findings in this study show that in presumed healthy male subjects measured

mean wall shear stress and mean and peak wall shear rate are lower in the

muscular brachial artery than in the elastic common carotid artery. Peak wall shear

stress tends to be higher in the brachial than in the common carotid artery. Actual

mean wall shear rate and mean wall shear stress are underestimated when

calculated according to Poiseuille's law.
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A higher peak wall shear stress in the brachial artery is explained by relating wall

shear stress to the function of the (muscular) brachial artery. Compared to the

common carotid artery the brachial artery supplies in rest a region with a relatively

high impedance, causing the local (volume) flow velocity waveform to be more

dependent on the duration of ejection and the timing of the pressure wave reflection

from peripheral sites. In the brachial artery most of the volume flow is conducted in

the systolic phase (O'Rourke and Avolio 1980) and thus a greater peak wall shear

rate is induced. For the remaining part of the cardiac cycle the volume flow is close

to zero, resulting in a lower mean wall shear rate and stress value than in the

common carotid artery. Apparently the nature of the distal vascular bed also

governs the mean level of wall shear stress. Statements with respect to the

physiological regulation, for example, in physical exercise should be considered in

that perspective (Kamiya et al. 1984, Kamiya and Togawa 1980, Langille and

O'Donnel 1986). Whether a higher peak wall shear stress in the brachiaJ artery has

physiological consequences remains to be studied.

The significantly lower mean wall shear stress in the brachial than in the common

carotid artery indicates that mean wall shear stress is not at the same level along

the arterial tree. In corroboration, it was found that mean wall shear stress at the

posterior wall of the common and superficial femoral artery is on the order of

0.36 Pa and 0.55 Pa, respectively (Kornet et al. 1999). This low level in both the

common and superficial femoral artery can again be attributed to a relatively high

peripheral impedance inducing pressure reflections at these two locations, i.e., a

longer duration of negative flow resulting in a low mean wall shear rate and stress in

these arteries.

Generally it can be concluded that mean wall shear stress is not constant along the

human arterial system, which is in disagreement to Murray's law. Our findings,

however, are in agreement with the observations of LaBarbera (LaBarbera 1990).

He stated, from an evolutionary point of view, that in a real system of vessels

containing a flow of fluid, wall shear stress can not be constant everywhere in the

system and local wall shear stress must depart from the average value. The

regulation of arterial diameter is, at least partially, related to mean wall shear stress
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in both the common carotid and the brachial artery, by a negative feedback

mechanism that alters the diameter so as to maintain local wall shear stress within a

limited range of values. The intersubject variations in the setpoint are corroborated

by our observation that there is no linear relation between mean wall shear stress

and arterial diameter. To what extent intra- and inter-subject differences in diameter

regulation exist between elastic and muscular arteries remains to be studied.

That mean wall shear stress is a locally determined hemodynamic variable is

supported by the finding that no correlation exists between mean wall shear stress

in the common carotid artery and mean wall shear stress in the brachial artery. Our

findings indicate that, besides different "set points" of wall shear stress in the arterial

and venous system (LaBarbera 1990) different set points of wall shear stress could

also exist in different arterial territories. Moreover, it might be expected that the gain

of the control system varies over the arterial regions, i.e., the same proportional

increase in flow velocity induces a different relative diameter adaptation.

Obviously, the level of mean wall shear stress in the brachial artery is still in the

range according to the minimum work theory (Kamiya et al. 1984, Zamir 1977),

while the levels in the femoral artery (Kornet et al. 1999) are not. This could be

explained as follows: femoral (skeletal) muscle capillaries allow large changes in the

conductance of the system, so that greatly varying volume flows can be driven by a

relatively constant pressure gradient. In the resting femoral muscle only a minority

of the capillaries are utilised at a given moment, so £r* for the total capillary bed

would be less than the Ir* for supplying arterial vessels (Sherman 1981), implicating

that the femoral artery does not obey Murray's law. On the other hand, it is still

unclear how local mean wall shear stress interacts with arterial diameter in the

femoral artery.

Another interesting note is that mean wall shear stress calculated via Poiseuille's

law did not show a significant difference between the common carotid and brachial

artery, showing the significance of the time dependent behaviour of wall shear

stress. In an earlier study (Hoeks et al. 1995) it was already stated that in the

common carotid artery mean wall shear stress assessed via Poiseuille's law is
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underestimated. In this study it is found that the latter observation also holds for the

brachial artery. Also, our findings show that when wall shear stress would be

assessed via Poiseuille's law another interpretation would be made regarding the

behaviour of wall shear stress in vivo for different territories.

In conclusion, this study shows that mean wall shear stress is lower in the brachial

artery than in the common carotid, which indicates that mean wall shear stress

regulation varies over the vascular tree. Moreover, the mean wall shear stress

computed according to a presumed parabolic velocity profile (Poiseuille) deviates

from the actually measured one and may lead to false conclusions about the local

regulation of vascular diameter.
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9.1 Discussion

The importance of wall shear stress has been recognised only in the past decades

when it became obvious that this physical parameter has important local biological

effects. Wall shear stress plays a significant role in local vascular homeostasis and

thus also a role in vascular diseases such as atherosclerosis and intimal

hyperplasia. The main problem concerning wall shear stress is the practical inability

to measure wall shear stress in vivo, without disturbance of flow, and so,

non-invasively in humans.

The aim of the studies in this thesis study was to assess wall shear stress non-

invasively in the common carotid and brachial artery of humans. We used a

specially designed ultrasonic measurement system, named the Shear Rate

Estimating System (SRES). The application of ultrasound in the assessment of wall

shear stress is possible as wall shear stress is defined as wall shear rate times

blood viscosity, two easier assessable parameters. The time dependent wall shear

rate was estimated by calculating the maximal first derivative of the velocity profiles

in radial direction as function of time. Blood viscosity was assessed by calculating

whole blood viscosity with the formulae proposed by Weaver et al. (Weaver et al.

1969) using hematocrit and plasma viscosity, the two main factors that determine

whole blood viscosity (Nichols and O'Rourke 1990).

Our strategy in this thesis study was to divide the study into five parts:

1. To evaluate the SRES in terms of reproducibility, validity, and limitations.

2. To determine physiological wall shear stress levels in the common carotid

artery including the effects of age and gender.

3. To evaluate the effect of a risk factor for atherosclerosis, as smoking, if any, on

wall shear stress.

4. To study the effect of low whole blood viscosity on wall shear stress in patients

with terminal kidney insufficiency on hemodialysis.

5. To investigate whether wall shear stress in the muscular brachial artery is at

the same level as in the elastic common carotid artery, thereby testing the

applicability of Murray's and Poiseuille's laws.
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The SRES is the first non-invasive apparatus that is able to assess arterial wall

shear rate in vivo. This implies that the measurement system could not be validated

with another in vivo system. In vitro validity experiments were performed by Gijssen

et al. who found good agreement between the SRES and numerical measurements

in pulsatile as well as in non-pulsatile conditions (Gijssen et al. 1998). From these

studies it was concluded that wall shear rate measured with the SRES was a good

estimate for the true arterial wall shear rate. The next step was to investigate the

applicability of the SRES in the common carotid artery in humans. The common

carotid artery was chosen because of its easy access. This artery is superficially

located, is relatively straight, thus causing minimal flow disturbances. Moreover,

extensive experience in ultrasonically assessing the common carotid artery has

been built up by our group.

The evaluation of the SRES started by determining the reliability of the system. This

was tested in terms of intra- and intersubject variability and of short and long term

reproducibility. It became clear that for peak and mean wall shear rate the average

intrasubject intrasession variability was on the order of 15% and 12%, respectively.

The intersubject intrasession variability for peak wall shear rate and mean wall

shear rate was about 16% and 11%, respectively. The intersubject intrasession

variability decreased over the days indicating a diminished biological variance due

to acquaintance of the subjects during the measurement sessions. However,

average peak and mean wall shear rate remained the same over the days.

Generally speaking, peak wall shear rate can be determined with a higher variability

(about 15%) than mean wall shear rate (variability about 12%). This leads to the

conclusion that wall shear rate in a human population can be assessed within one

session with a moderate, but constant variability. The higher variability in peak wall

shear rate may be due to biologic variability. Therefore, a subject must be relaxed

during the measurements. The measurement variability depends, of course, for a

great deal on the skills of the investigator.

Part of the measurement variability can be attributed to the SRES as the system

could not measure during more than one single heartcycle during one registration. If

the latter would consist of several consecutive heartbeats, regression to the mean
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would take place resulting in a lower measurement variability. In the reproducibility

study, it could not be determined which percentage of the variability had to be

attributed to the physiologic variability.

The main limitations of the SRES are the same as those of generally used

ultrasound systems, namely the spatial and time resolution. The former is always a

compromise between the emission frequency and the depth of interest in the body.

For a greater depth of investigation the emission frequency should be lower.

Consequently, the ultrasonic wavelength is larger and the axial resolution would be

worse for similar quality factor. In our study the resolution of the SRES is on the

order of 250-300 micrometers. The time resolution is on the order of 10 ms. The

required resolution limits the application to such peripheral arteries as the common

carotid, the femoral and the brachial artery. Thus, absolute internal arterial

diameters are determined within limitations of about 300 urn. However, diameter

changes (vessel wall movements) within one cardiac cycle are assessed with a

precision of a few microns. Knowing that in acute conditions arteries can dilate or

constrict by less than 10 percent, the SRES will fail to detect any (acute)

vasoconstriction or vasodilatation. However, such measurements will be possible by

1) recording several heart beats during one registration or 2) holding the ultrasonic

probe steady on a robot arm which allows continuous repetitive registration of blood

flow velocity profiles.

Another limiting condition of the SRES is that blood flow velocity, and thus wall

shear rate, is assessed along a single line through the (three-dimensional) artery of

interest. Consequently, in the studies performed it is assumed first, that the

measurements are performed in the centre of the artery and second, that laminar

flow conditions exist. The latter implies that when secondary flows are present an

error can be made in the assessment of wall shear rate. Thus, the SRES can only

be applied in arteries that are relatively straight such as the common carotid artery.

During the project the applicability of the SRES has been extended to the brachial

and femoral artery. In these arteries secondary flows are present. For the brachial

artery it is expected that secondary flows are relatively small, while for the femoral

artery only wall shear rate at the far wall (looking from the surface of the body) has
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been used for analysis. Measurement errors will be made when wall shear stress is

determined in curved or bending arteries such as in the bulbus of the internal

carotid artery, nearby atherosclerotic plaques or in artificially created arteries such

as artenovenous fistulas.

In general, peak wall shear rate can be assessed more reliably than mean wall

shear rate, because diastolic (minimum) shear rate cannot be determined

accurately. This is due to the relatively high cut off frequency (higher threshold) and

at diastole the ultrasonic signal/noise ratio of the SRES is so low that the

information regarding minimal blood flow velocity is not reliably processed by the

software algorithms and hardware.

Knowing the specifications and properties of the SRES the study progressed to the

next phase. We investigated physiologic wall shear stress in the common carotid

artery as function of age (varying between 10 and 60 years) and gender in a

cross-sectional population study. It was observed that peak and mean wall shear

stress gradually decreased with age. The decrease in peak wall shear stress was

more pronounced in males than in females where the observed decrease in peak

wall shear rate was related to a decrease in systolic blood flow velocity. Per decade

no significant difference in peak and mean wall shear stress was found between the

sexes. The main observation in this study was the strong negative correlation

between mean wall shear stress and diameter, superseding over the contribution of

age. It can be inferred that with increasing age an attempt is made to maintain

storage capacity, indicating that cardiac afterload is the first priority in the arterial

system. The exact interaction between wall shear stress and storage capacity

remains to be elucidated. The interaction between arterial diameter and wall shear

stress could not explicitly be studied as factors such as ageing, gender,

hemodynamic conditions and life style are influencing the outcome. To accurately

study the effect of ageing on wall shear stress a longitudinal study, in which

subjects are followed over time, should be performed. The present study indicates,

however, that wall shear stress plays a more important role in acute hemodynamic

conditions rather than chronic processes such as ageing. This opinion is supported

by the direct relationship between wall shear stress and nitrate oxide (NO). This
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biochemical substance is a potent vasodilator with a short half-life time (about a few

seconds), playing a role in acute processes (Moncada et al. 1991). Therefore,

studies addressing the direct interaction between wall shear stress and diameter

are needed, e.g., ischemia-reperfusion studies, or intervention studies with

biochemical vasodilators or vasoconstrictors.

In the common carotid artery mean wall shear stress was on the order of 1.2 Pa, a

value in agreement with earlier performed mathematical studies and studies based

on the Pouiseulle law (Kamiya et al. 1984, Zamir 1977). It implies that, by combining

this absolute value with findings of in vitro studies where endothelial cell were

stimulated with different values of shear stress, theories can be developed about

the mechanisms to maintain vascular homeostasis. It can be concluded that at a

value of 1.2 Pa, wall shear stress interferes with, for example mitogen activity,

permeability and modulation of thrombotic events of endothelial cells (Galbusera et

al. 1997, Noria et al. 1999, Takahashi and Berk 1996). However, further

investigations are required to elude, whether aside of mean wall shear stress, also

pulse (peak minus minimum), minimum as well as peak wall shear stress are

important modulating factors. However, first, the SRES measurement method must

be improved by enhancing measurement capacity (more beats within one

registration), three-dimensional measurements and real time continuous

registration.

The aim of the third investigation was to determine whether wall shear stress would

be influenced by a pathologic circumstance, such as smoking. It is known that

smoking is a contributing factor for developing atherosclerosis (Howard et al. 1998,

Strong and Richards 1976). We came to the conclusion that there was no significant

difference in peak and mean wall shear stress between long-time smokers and non-

smokers. The weak point of this study is that the exact number of cigarettes (which

are sometimes changing within a subject) and the number of smoking years could

not be accounted for. It is known that chronic smoking causes damage to the

endothelial cell (Blann and McCollum 1993) and has hemodynamic effects

(McVeigh et al. 1996, Zhu and Parmley 1995). Our findings indicate that the

atherogenic effects of chronic smoking can not be explained by a direct effect on

wall shear stress, at least in the common carotid artery. It can not be excluded that

chronic smoking affects wall shear stress in other arteries in a different way.
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The next step was to investigate whether patients, who are at high risk to develop

atherosclerosis, namely patients with terminal renal insufficiency. We studied the

effect of a chronically decreased blood viscosity (due to a decreased hematocrit) on

wall shear stress and the effect of an acutely increased whole blood viscosity (after

hemodialysis) on wall shear stress and diameter of the common carotid artery in

these patients. It was found that basic peak (2.3 Pa) and mean wall shear stress

(0.7 Pa) were lower compared to age matched control subjects. Hemodialysis

increased peak wall shear stress due to the increase in blood viscosity, but mean

wall shear stress remained at the same level as before hemodialysis. The

measured low wall shear stress in patients with terminal renal insufficiency might

attribute to the early development of atherosclerosis in these patients, by affecting

endothelial function in a negative manner. The weakness of this study was the small

and rather inhomogenous group of patients regarding age, the variable period that

patients were on hemodialysis and a difference, although small, in hemodialysis

regimens. Nevertheless, it was observed that mean wall shear stress was

maintained at a constant level, despite acute changes in whole blood viscosity and

blood pressure. This implies that mean wall shear stress is a parameter to be

regulated. To what part the low wall shear stress or the frequent changes of wall

shear stress during hemodialysis are responsible for the development of

atherosclerosis in hemodialysis patients remains to be elucidated. It might quite well

be that patients with terminal renal failure are more susceptible to the development

of atherosclerosis for at least two reasons, namely a lower wall shear stress and/or

different functioning of the endothelial cells. In accordance, it has been found that

chronic renal failure is associated with a low nitric oxide production (Blum et al.

1998).

The fifth study was performed to investigate whether the type of artery and the

vascular territory affect the level of wall shear stress. Based on theoretical

assumptions, wall shear stress is presumed to be a constant value in the arterial

system (Kamiya et al. 1984, Rodbard 1975) and even between different zoological

systems (LaBarbera 1990). Therefore, we investigated whether wall shear stress is

at the same level in the brachial and the common carotid artery. It was found that

peak wall shear stress was not significantly higher (3.7 ± 1 Pa vs. 3.1 ± 0.9 Pa,
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p=0.06) in the brachial artery than in the common carotid artery, while mean wall

shear stress (0.9 ± 0.2 Pa vs. 1.4 + 0.2 Pa) was significantly lower in the brachial

than in the common carotid artery. Our observations are supported by other

observations, showing that in the common and superficial femoral arteries wall

shear stress is about 0.36 pa and 0.55 Pa, respectively (Kornet et al. 1999). These

findings indicate that in human arteries mean wall shear stress is not the same

along the arterial tree, which is in disagreement to Murray's Law. The explanation

might be that the level of wall shear stress depends on the type and function of the

artery, which is related to the nature of the distal vascular bed. Moreover, these

observations might indicate that wall shear stress regulation, including its interaction

with the arterial wall, depends on the localisation of the arterial tree.

9. 2 Conclusions

After the development of the SRES in 1995 (Brands et al. 1995) it has been

successfully employed to measure wall shear rate, thereby allowing the assessment

of wall shear stress when blood viscosity is taken into account. Peak wall shear rate

can be assessed with an intrasubject intrasession variation of 15%. Mean wall

shear rate can be assessed with an intrasubject intrasession variation of 12%. The

SRES is limited in its application in spatial resolution (of about 300 urn) due to the

inherent limitations of ultrasound. Furthermore, the apparatus can only be used for

relatively straight arteries and in arteries where secondary flows are minimal.

Our studies show that peak wall shear stress in the common carotid artery is about

3.3 Pa in the second decade decreasing to 2.5 Pa in the sixth decade of life. In

contrast mean wall shear stress remained more or less at a level of 1.2 Pa with a

minor age effect. It seems that ageing and gender have no important effect on

mean wall shear stress in this artery.

Chronic smoking, which is a risk factor for developing atherosclerosis, does not

influence wall shear stress in resting conditions. However, in pathological

circumstances where whole blood viscosity is low as in patients on hemodialysis,

185



General discussion

mean wall shear stress is about 40% lower (0.7 Pa) than in control subjects. In

these patients acute viscosity changes, due to hemodialysis, do not influence mean

wall shear stress.

Furthermore, mean wall shear stress varies along the human arterial tree as it was

found that mean wall shear stress is lower in the muscular brachial artery than in

the elastic common carotid artery (0.9 Pa vs. 1.35 Pa), which is disagreement to

Murray's law.

9.3 Recommendations for further research

Although the clinical applicability of the SRES is still limited, the research potential is

wide. Studies with the SRES are in its infancy. Firstly the SRES is still under

development and improvement of hardware and software are aimed at a better

resolution and improving the applicability of the system. Possible improvements

should include registration of more heart beats within one measurement or allowing

continuous recording. Also stereotactic measurements would allow three-

dimensional registration of blood flow leading to a better insight into the magnitude

of wall shear stress, its three dimensional time dependent behaviour and local

interaction with the vessel wall.

Another improvement could be the assessment of whole blood viscosity. Future

studies should use cone or plate viscometers to better assess blood viscosity, and

so, wall shear stress. Studies could be performed in patients with blood viscosity

syndromes e.g. Polycytemia Vera and Waldenströms disease.

Longitudinal studies should be undertaken to investigate the effect of ageing and to

study the role of wall shear stress in various arteries of atherosclerotic risk groups

such as patients with hypertension, patients with hyperhomocysteinemia, diabetes

mellitus or hypercholesterolemia. In addition, intervention studies could be

performed to study the effect of different drugs on wall shear stress in the various

arteries of risk groups.
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Studies could be performed regarding the effect of acute viscosity changes on wall

shear stress and its effect on vessel wall characteristics such as diameter, strain

and extensibility. In this regard one could think of blood donating procedures.

An important phenomenon in vascular biology is the relationship between wall shear

stress and acute and/or chronic arterial remodelling. Such relationships can be

studied by means of the SRES. Hypercarboxia could be used to elucidate the

interaction between wall shear stress and acute vasodilatation in the common

carotid artery. In the brachial artery this interaction could be studied during

ischemia-reperfusion with or without pharmacological intervention. Also remodelling

of the brachial artery after creating an AV-fistula for hemodialysis could be studied

in relation to changes in wall shear stress, if any.

In future the SRES system might be used for monitoring wall shear stress/wall

shear rate conditions in vascular surgery. As wall shear stress is related to intimal

hyperplasia, i.e., smooth muscle cell proliferation, e.g., after bypass grafting, the

behaviour and level of wall shear stress has implications for the way of constructing

vascular conduits such as in AV-fistulae and peripheral or coronary bypasses.

Thereby a physiological wall shear stress may be achieved via operation techniques

as well as the grafting material used. Moreover, when a physiological wall shear

stress level is not achieved, preventive medication could be given to reduce intimal

proliferation. Meanwhile wall shear rate or wall shear stress may be monitored.

Thus starting from here, many clinical studies can be performed with the SRES,

while simultaneously the SRES must be improved to attain a better resolution and,

therefore, a wider applicability.
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Abbreviations

A/D

AV-fistula

BA

BAEC

bFGF

BMI

B-mode

BPAEC

CC

CCA

CCM

CLK

CMWSS

D

DBP

EC

ECG

EDCF

EDRF

EP

ESRF

ET

ET-1

HDL

Ht

HUVEC

ICAM-1

LDL

MAP

MHz

M-mode

Analog to Digital

Arterio-venous Fistula

Brachial Artery

Bovine Aortic Endothelial Cells

Fibroblast Growth Factor

Body Mass Index

Brightness Mode

Bovine Pulmonary Aortic Endothelial Cells

Compliance Coefficient

Common Carotid Artery

Cross Correlation Model

Clock

Calculated Mean Wall Shear Stress

Internal Diameter

Diastolic Blood Pressure

endothelial cell

Electrocardiogram

Endothelial Derived constricting factor

Endothelial Derived Relaxing Factor

Emitted Pulses

End Stage Renal Failure

Emission Trigger

Endotheline-1

High Density Lipoprotein

Hematocrit

Human Umbilical Vein Endothelial Cell

Inter Cellular Adhesion Molecule-1

Low density lipoprotein

Mean Arterial Pressure

MegaHertz

Motion Mode
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MV

MWSR

MWSS

NO

PAEC

PAI-1

PDGF

PGI

PP

PRF

PSV

PTCA

PTFE

PV

PWSR

PWSS

rf
S

SBP

SD

SMC

SNR

SRES

TGF

tPA

VC

VCAM-1

VSMC

WBV

WSR

WSS

Mean Velocity

Mean wall shear rate

Mean wall shear stress

Nitric oxide

Porcine Endothelial Cells

Plasminogen Activator lnhibitor-1

platelet Derived Growth factor

Prostaglandine

Pulse Pressure

Pulse Repetition Frequency

Peak Systolic Velocity

Percutaneous Transluminal Coronair Angiography

Polytetrafluroethane

plasma viscosity

Peak wall shear rate

Peak wall shear stress

radiofrequent

Strain

Systolic Blood Pressure

Standard Deviation

Smooth muscle cell

Signal to Noise Ratio

Shear Rate Estimating System

transforming Growth Factor

tissue Plasminogen

Variation Coefficient

Vascular Cellular Adhesion Molecule-1

Vascular Smooth Muscle Cell

Whole blood viscosity

Wall shear rate

Wall shear stress
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[s]

[m.s']

[m.s-']

[m.s']

[m.s']

[m]

[m]

[Pa]

[m]

[Pa]

[mm]

fmll

Womersly parameter

viscosity

plasma viscosity

shear rate

wall shear rate

shear stress

wall shear stress

wavelength

angle between ultrasound beam and direction of motion

sound velocity

carrier frequency

Doppler frequency

radial position

distance

time period

velocity

mean velocity

maximal velocity in centre of vessel

velocity distribution as function of radial position

difference in depth

distension

pulse pressure (systolic minus diastoiic pressure)

decibel

diastoiic diameter

pressure

Internal radius

bluntness factor

flow volume
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Chapfer 7 is a general introduction regarding the clinical background of this

research project: atherosclerosis. This disease affects the arterial system where

aside of biochemical also local biomechanical and hemodynamic processes, such

as wall shear stress, are playing a significant role. Wall shear stress is the

tangential force exerted by the flowing blood on the inner vessel wall. Wall shear

stress is for practical reasons difficult to determine in vivo and even non-invasively

in humans. As wall shear stress is defined as wall shear rate times blood viscosity,

two easier assessable parameters, an indirect estimation of wall shear stress can

be made. The objectives of this thesis were to determine the reliability of a

especially developed ultrasonic system (Shear Rate Estimating System,SRES)

which is able to assess wall shear rate non-invasively and, by measuring blood

viscosity, to assess wall shear stress in the common carotid and brachial artery in

humans using the SRES.

Chapfer 2 describes historical notes regarding the importance of wall shear stress

in the vascular system and the discovery that wall shear stress is kept at a constant

level of 1.5 Pa via lumen diameter adaptation. In addition, it became clear that wall

shear stress is capable to influence biochemical processes, even on a genetic level.

Research showed a direct interaction between wall shear stress, vessel wall

changes (remodelling) and vessel wall diseases such as intimal hyperplasia and

atherosclerosis.

Chapfer 3 describes the general principles of pulsed ultrasound and an outline of

the used ultrasonic system, named the Shear Rate Estimating System (SRES). The

in vitro validation with Laser Doppler and numerical calculations showed that the

measurements of wall shear rate with the SRES agree with the expectations.

Chapter 4 describes the reproducibility of the SRES in young presumably healthy

men and women. It is found that wall shear rate and, taken into account whole

blood viscosity, wall shear stress can be determined reliable. The average

intrasubjed intrasession variability is about 12% for mean wall shear rate and about
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15% for peak wall shear rate. A good short and medium term intersubject

intersession variability was found. These figures are the same for both and left

common carotid artery. It is concluded that within one session wall shear rate can

be determined reliably.

Chapter 5 In this chapter the main purpose was to determine the peak and mean

wall shear stress as function of age as it is known that ageing is a risk factor for

developing atherosclerosis. In women peak wall shear stress decreased with age

from 3.3 to 2.5 Pa. In men peak wall shear stress decreased with age from 4.3 to

2.6 Pa. In women mean wall shear stress decreased with age from 1.3 to 1.1 Pa. In

men mean wall shear stress decreased with age from 1.5 to 1.2 Pa. Mean wall

shear stress values are in the range compatible with the minimum work theory. It

remained unclear how arterial diameter, vessel wall elasticity and blood flow interact

to maintain a constant mean wall shear stress level.

Chapter 6 In this chapter it was investigated whether in chronic smoking male

subjects wall shear stress would be different from male non-smoking subjects. It is

known that smoking is a risk factor in developing atherosclerosis The results

showed that there was no significant difference in wall shear stress between

smoking an non-smoking subjects. It is more likely that smoking has a biochemical

effect rather than a direct effect on wall shear stress.

C/iapfer 7 In this chapter wall shear stress was determined in patients with chronic

renal failure which were on hemodialysis. This population has a high risk for

developing atherosclerosis. We investigated whether this patient group had a

different wall shear stress. Moreover, it was questioned whether an acuut increase

in blood viscosity because of hemodialysis would result in a higher wall shear

stress. It was found that these patients have a lower wall shear stress of about 0.7

Pa due to both a lower whole blood viscosity as well as a lower wall shear rate than

control subjects. However, these patients are still capable, despite their disease, to

maintain the (lower) wall shear stress at a constant level. It is concluded that the

lower wall shear stress in this population might be another factor to develop earlier

athersoclerosis.
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C/iapfer 8 In this chapter the preliminary results are shown of the comparison of

wall shear stress in the elastic common carotid artery and the muscular brachial

artery in presumably healthy male subjects. It is found that in the brachial artery

peak wall shear stress (about 3.7 Pa) is nearly significant higher in the brachial

artery, while mean wall shear stress (about 0.9 Pa) was significantly lower

compared to the common carotid artery. These findings were attributed to the

characteristic blood flow velocity waveform within one heart beat. It is generally

concluded that in an artery wall shear stress depends on its location and function of

that artery which is in turn dependent on the vascular bed the artery supplies

C/iapfer 9 In this chapter we discussed our observations and concluded that with

the SRES wall shear rate and wall shear stress can be assessed reliably. Moreover,

the measurement system provides the ability to investigate wall shear stress in vivo,

thereby allowing a widespread of future investigations.
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Hoofctefufr 7 geeft een algemene inleiding en beschrijft de doelstelling van het

onderzoek dat in dit proefschrift beschreven is namelijk: atherosclerose. Bij deze

ziekte van het arterieel systeem zijn niet alleen biochemische, maar ook locale

biomechanische en hemodynamische processen betrokken, waaronder de

afschuifspanning. De afschuifspanning is de wrijvingskracht, per oppervlakte-

eenheid, van het strömend bloed op de vaatwand. Het blijkt in de praktijk moeilijk te

zijn om deze fysische parameter bij mensen /n wVo en bovendien non-invasief te

bepalen. Daar de afschuifspanning gedefinieerd is als het product van

afschuifsnelheid en bloedviscositeit, twee eenvoudiger te bepalen parameters, is

het mogelijk een schatting te maken van de afschuifspanning. We onderzochten of

het mogelijk was de afschuifsnelheid in de artena carotis communis (halsslagader)

van mensen met behulp van ultrageluid betrouwbaar te meten en, omdat tevens de

bloedviscositeit bepaald werd, een schatting te maken van de afschuifspanning aan

de vaatwand in de halsslagader en (in een latere fase van de Studie ook in) de

armslagader.

Hoo/dsfulc 2 beschrijft hoe het belang van de rol van de afschuifspanning in het

vasculaire systeem in de loop van de afgelopen jaren steeds meer werd onderkend.

Men kwam tot de bevinding dat de afschuifspanning aan de vaatwand in een

slagaderlijk bloedvat op een zeker niveau van 1.5 Pa gehandhaafd wordt d.m.v.

diameter- en/of vaatwandveranderingen. Bovendien bleek dat de hoogte van de

afschuifspanning invloed heeft op biochemische en zelfs genetische processen.

Onderzoek wees uit dat er een rechtstreekse interactie bestaat tussen

afschuifspanning en vaatwandaanpassingen (remodelling) alsmede vaatziektes

zoals intima hyperplasie en atherosclerose .

Hoofdsfu/c 3 beschrijft de algemene principes van gepulst ultrageluid en in het

verlengde daarvan de basisprincipes van ons meetinstrument, genaamd Shear

Rate Estimating System afgekort SRES. Ook wordt de in vitro validatie met Laser

Doppler beschreven. Het blijkt dat het met behulp van de SRES heel goed mogelijk

is een goede schatting te maken van de afschuifsnelheid aan de vaatwand.
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Hooft/sft/fc 4 beschrijtt de reproduceerbaarheid van de metingen uitgevoerd met de

SRES in de halsslagader bij jonge gezonde vrouwen en mannen. Uit deze Studie

blijkt dat de afschuifsnelheden betrouwbaar gemeten kunnen worden. De

gemiddelde variantie van de gemiddelde afschuifsnelheid binnen een persoon is

ongeveer 12%, onafhankelijk van het geslacht, terwijl de variantie van de maximale

afschuifsnelheid binnen een persoon rond de 15% is. Bovendien blijkt dat ook op

längere termijn (7 dagen) de maximale en gemiddelde afschuifsnelheden alsook de

afschuifspanning (door tevens de bloed viscositeit te bepalen) betrouwbaar

gemeten kan worden.

Hoofdsfu* 5 In dit hoofdstuk wordt antwoord gegeven op de vraag hoe de

maximale en gemiddelde afschuifspanning in de halsslagader zieh gedraagt als

functie van de leeftijd. Dit gezien het verouderingsproces het risico op hart- en

vaatziekten verhoogd. Bovendien is het van belang te onderzoeken wat nu precies

de fysiologische "normaalwaarden" zijn. Het blijkt dat de max/ma/e (systo/Zscfte,)

afschuifspanning bij vrouwen daalt met de leeftijd van 3.3 naar 2.5 Pa. De max/ma/e

(sysro/Zscfte,) afschuifspanning bij mannen daalt met de leeftijd van 4.3 naar 2.6 Pa.

De gem/dcte/cte afschuifspanning bij vrouwen daalt met de leeftijd van 1.3 naar 1.1

Pa. De gem/dde/cte afschuifspanning bij mannen daalt met de leeftijd van 1.5 naar

1.2 Pa. Deze gemeten gem/dde/de afschuifspanning is in overeenkomst met

waardes berekend volgens een mathematisch model in de literatuur. Het blijft

onduidelijk welke interacties er bij het verouderen precies plaats vinden tussen

afschuifspanning, vatdiameter, vaatwandelasticiteit en bloedvolumeverandering om

de gelijk blijvende gem/dde/de afschuifspanning te verklaren.

Hoofctefufc 6 In dit hoofdstuk wordt onderzocht of bij chronisch rokende mannen er

sprake is van een afwijkende afschuifspanning in de halsslagader t.o.v. niet-

rokende proefpersonen, aangezien roken een risicofactor is voor het ontstaan van

slagaderverkalking. Er blijken geen significante verschillen in afschuifspanning in de

halslagader te bestaan tussen rokende en niet-rokende mannen. Mogelijk heeft

chronisch roken eerder een biochemisch effect op de vaatwand dan een merkbare

verandering in afschuifspanning in de halsslagader.
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Woofdsfu/c 7 In dit hoofdstuk werd de afschuifspanning bepaalt bij patienten met

terminale nierinsufficientie die dialyse-afhankelijk zijn. Deze groep werd onderzocht

omdat deze patienten een verhoogd risico hebben op slagaderverkalking.

Bovendien werd onderzocht of een toename in bloedviscositeit als gevolg van de

dialyse zou resulteren in een veranderde gemiddelde afschuifspanning. Het blijkt

dat bij deze patienten, voorafgaand aan de dialyse, een veriaagde gemiddelde

afschuifspanning bestaat van 0.7 Pa op basis van zowel een veriaagde viscositeit

alsmede een veriaagde afschuifsnelheid. Bovendien blijkt dat ook na dialyse de

gemiddelde afschuifspanning gehandhaafd blijft. Hypothetisch kan een veriaagde

afschuifspanning bijdragen tot het eerder ontwikkelen van slagaderverkalking bij

dergelijke patienten.

HooWsfu/c 8 beschrijft de resultaten van het vergelijken van de afschuifspanning In

de halsslagader (elastisch vat) en de armslagader (musculair vat) bij gezonde jonge

mannen. Deze Studie werd gestart aangezien op theoretische gronden wordt

gesteld dat de afschuifspanning in het slagaderlijk systeem overal gelijk zou zijn.

Het blijkt dat de max/ma/e fsysto/Zsche,) afschuifspanning hetzelfde is (rond de 3.7

Pa) terwijl in de armslagader de gem/ddeWe afschuifspanning (0.90 Pa) significant

lager is dan in de halsslagader (1.38 Pa). Een mogelijke verklaring hiervoor is dat

de afschuifspanning afhankelijk is van het type slagader (elastisch of musculair).

Hoofsfu/c 9 sluit het proefschrift af met een algemene discussie over onze

bevindingen en waarbij onze belangrijkste conclusies zijn:

1. Dat we de artenele afschuifspanning m.b.v ultrageluid betrouwbaar kunnen

bepalen.

2. Dat de gemiddelde afschuifspanning in de halsslagader ongeveer 1.2 Pa

bedraagt, welke onafhankelijk is van leeftijd en geslacht.

3. Dat chronisch roken geen direct effect heeft op de afschuifspanning in de

halsslagader (gemeten bij mannen).

4. Dat bij patienten met terminale nierinsufficientie een veriaagde

afschuifspanning van 0.7 Pa bestaat die constant blijft zowel voor als nä

hemodialyse.

5. Dat de afschuifspanning in de armslagader lager is dan in de halsslagader.

Daama worden potentiele mogelijkheden voor verbetering van de meetapparatuur

en methoden alsook voor verdere onderzoek aangereikt.
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