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Abstract

One 20 MHz and one 10 MHz pulsed Doppler ultrasonic
velocimeter (PDUVM) were used to explore disturbed velocity
fields similar to those associated diagnostically and
etiologically with arterial disease. The mean sample volume
length of the 20 MHz PDUVM was 0.69 mm and its mean sample
volume diameter was 0.97 mm. The corresponding dimensions of
the 10 MHz PDUVM were 0.93 mm and 1.09 mm, respectively. In
steady laminar flow convolution of both PDUVM sample volumes
with the velocity field was apparent in the distorted
velocity profiles measured; a compensation for convolution
ljimited to laminar flow velocity profiles was developed. In
steady and pulsatile post-stenotic flow, PDUVM detection of
jet, separated and turbulent flow regimes was confirmed by
comparing PDUVM velocity profiles and spectra with the
actual velocity field revealed by flow visualization. In
steady post-stenotic flow four sources of spectral
broadening were demonstrated with the 20 MHz PDUVM:
placement of the sample volume in the shear layer between
jet and separation zones; turbulence due to jet breakup;
transit time of scatterers through the sample volume; and
use of the PDUVM at the extremes of its range. In pulsatile
post-stenotic flow PDUVM spectral width decreased with
increasing pulse rate at the site of peak flow disturbance
but there was no effect of pulsatility on spectral width.

The 10 MHz PDUVM was used to record cross-sectional

velocity contours at different phases of the pulse cycle 0.5

v



cm downstream of abdominal aortic branch arteries in
anaesthetized dogs. Transient flow recirculation occurred in
the post-systolic phase of the pulse cycle at the aortic
wall opposite the branch artery. There was no recirculation
at the systolic peak but there was asymmetry of the velocity
contour. In a cast-derived, geometrically exact in vitro
model of one of the renal branch sites the in vivo results
were extended to a wider range of flow conditions. In steady
and pulsatile flow paired recirculation zones (vortices)
along the aortic wall opposite the branch were detected at

moderate to high branch flow rates.
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I. INTRODUCTION

A. GENERAL INTRODUCTION

The relationship between hemodynamics and arterial
disease, which is a major motivation for exploring arterial
velocity fields, is described in the first part of this
introduction. The techniques used to explore arterial
velocity fields are then reviewed. This is followed by an
account of the findings of investigators of arterial
velocity fields at specific geometries important in either
the diagnosis or etiology of arterial disease. Since the
pulsed Doppler ultrasound velocimetry technique used in this
thesis is based on the Doppler effect, a brief account is
given of the history and use of this effect. Finally, the
introduction cencludes with a statement of the objectives of

this thesis.

B. HEMODYNAMICS AND ATHEROSCLEROSIS

The fundamental parameter of cardiovascular function is
tissue perfusion, the volume flow of blood that delivers
nutrient molecules to, and removes waste molecules from the
body's cells (Berne and Levy, 1981). By increasing or
decreasing the calibre of the arterioles (the normal site of
major peripheral resistance) intrinsic and extrinsic
cardiovascular control systems vary tissue perfusion
according to the needs of the perfused cells. The sum total

1



of all the body's component perfusions, the cardiac output,
is distributed by the large and medium-sized arteries to
each specific tissue. When atherosclerotic disease results
in the formation of a lumen-narrowing plague in one of the
distributing arteries, the narrowing site may become the
flow determining resistance (Berguer and Hwang, 1974).
Arterial stenosis is the term used to identify this possibly
flow limiting site of reduced arterial lumen (Yocung, 1979).
When atherosclerotic stenosis development is sufficiently
advanced the resistance to flow becomes excessively high and
the downstream tissue experiences insufficient perfusion
(ischemia). 1f the stenosis site abcesses, an embolism may
form and cut off the downstream flow completely. In either
case, if the downstream tissue is the heart or brain
lile-threatening tissue death (infarction) may result.

Because atherosclerosis accounts for so much morbidity
an¢l mortality in the Western world (Levy, 1981; Robbins and
Angell, 1976), it is of prime importance to detect the
disease as early as possible. The problem is essentially one
of detecting altered fluid dynamics of the blood, i.e.
disturbed 5emodynamics, since the atherosslerotic plague
encroaching on the lumen disrupts the normally laminar flow
patterns and produces post-plagque flow disturbances
(Blackshear et al., 1979).

Before the advent of Doppler ultrasound, arterial
disease was mainly assessed by clinical examination and

contrast arteriography. Some non-invasive techniques were



available, but use of these was limited for the most part to
their original developers. Contrast arteriography, because
of its invasive nature and potential risks was, and
continues to be, limited to pre-operative patients

. Strandness, 1986). It is not suitable for repetitive
studies.

With the advent of Doppler ultrasound, the diagnosis of
arterial disease was signifigantly improved. This is
especially true for extracranial disease of the carotid
artery, which is readily accessible by ultrasound and has a
high incidence of atherosclerosis (Spain, 1966; Wesolowski
et al., 1965). Initially, a number of indicect Doppler tests
were used, such as the supraorbital Doppler examination (Lye
et al., 1976). The disadvantages of such tests are that they
cannot provide specific localizing information and cannot be
used to grade the severity of the lesion. Today, the
indirect carotid tests have been mostly superceded by the
direct technigue of duplex scanning (Fell et al., 1981).

Duplex scanning for arterial disease currently involves
real time B-mcde ultrasonic imaging of the vessel of
interest and pulsed Doppler ultrasonic velocimeter (PDUVM)
inspection of the velocity field via real time fast Fourier
ransform (FFT) spectral analysis of the PDUVM signal (Fell
et al., 1981). The B-mode vascular image serves as a guide
for placement of the PDUVM sample volume within the vessel
1umen. The B-mode image also allows measurement and control

of the angle between the vascular and PDUVM beam axes.



Diagnosis of arterial disease is based upon the departure of
the PDUVM spectra from normal peak frequencies and spectral
widths. The increase in peak freguency is interpreted as
being due to the presence of an atherosclerotic stenosis
generating a high velocity jet. The increase in spectral
width is usually interpreted as due to post-stenotic
turbulence, although in the lateral aspect of the carotid
sinus spectral broadening is a normal finding (Phillips et
=1., 1983; Ku et al., 1985b). Qualitative spectral analysis
criteria have been developed by correlating the findings of
independently interpreted contrast arteriograms (Zierler et
al., 1983a). The artery under consideration is placed in one
of five categories: normal; minimal stenosis;
non-hemodynamically signifigant stenosis; hemodynamically
signifigant stenosis; and total occlusion. The diagnostic
accuracy of duplex scanning using these criteria is best for
hemodynamically signifigant stenoses and poorest for normal
and mildly stenosed arteries. However, results with
computer-based pattern recognition spectral analysis suggest
that normal and mildly stenosed arteries may be detected
with greater accuracy (Greene et al., 1982; Knox et al.,
1982).

There are nume’»us applications of Doppler ultrasound
in the detection . non-carotid arterial disease. Duplex
scanning is used to assess branches of the abdominal aorta
and the major arteries in the lower limbs (Jager et al.,

1985; Rittgers et al., 1985). Continuous wave Doppler



flowmeters are used to analyze the velocity waveform
patterns ‘in peripheral vascular disease (Johnston et al.,
1978). 1f occlusive disease is present, it will show up in a
downstream dampening of the velocity waveform. Continuous
wave Doppler flowmeters are used to make non-invasive,
segmental blood pressure measurements for locating sites of
arterial occlusion in the limbs (Yao et al., 1969;
Strandness and Bell, 1965). Doppler flowmeters are also used
to test for intermittent claudication and impotence due to
arterial disease (Sumner and Strandness, 1969; Kempczinski,
1979). In patients who undergo surgical treatment for
arterial disease, Doppler flowmeters become a valuable tool
to assess the sﬁccess of surgery (Strandness and Bell,
1966). During arterial reconstructions Doppler flowmeters
find use in the assessment of flow patterns in the
reconstructed segment (Barnes and Garrett, 1978; Zierler et
al., 1983b). There are at least four transcranial
applications of pulsed Doppler flowmeters: detection of
intracranial stenosis (Aaslid and Lindegaard, 1986);
cerebrovascular spasm (Seiler et al., 1986); arteriovenous
malformation (Lindegaard et al., 1986): and cerebral
aneurism (Gilsbach and Harders, 1986).

The study of arterial hemodynamics is important not
only in the diagnosis of arterial disease, but also in the
investigation of its etiology. The initiation of
stherosclerosis is still very poorly understood, and many

hypotheses of atherogenesis have been proposed. One



hypothesis which is currently receiving serious attention is
the so-called "Response to Injury Hypothesis" (Ross and
Glomset, 1976a, 1976b). According to this view, chronic
injury to arterial endothelial cells results in increased
adhesiveness of the tunica intima to circulating platelets
or monocytes. The nature of the endothelial injury is poorly
defined, but is thought to lie somewhere along a spectrum
between denudation and non- denudation (Ross, 1986). The
injured endothelium, or the adherent cells above are
activated to release Platelet Derived Growth Factor or a
similar growth factor which is chemotactic and mitogenic for
vascular smooth muscle cells. The latter then migrate from
the tunica media to the intima, where they multiply and
secrete connective tissue and other substances to form the
well known "space occupying lesions" of atherosclerosis.,

The critical question with regard to the Response to
Injury hypothesis is: what agents or factors are responsible
for the chronic injury to arterial endothelial cells? Texon
(1957) was the first to suggest that hemodynamic factors
might initiate the atherosclerotic process. He hypothesized
that at spécific points in the bends and branches of the
arterial tree suction forces developed due to local
increases in blood velocity. Texon believed that continued
exposure of .he intima to such suction forces would result
in intimal thickening and plague development. More recently,
high shear (Fry, 1%v8), low shear (caro et al., 1971), and
turbulence {Stehbens, 1974; 1973; 1968) have been suggested



as the means by which endothelial cells become injured. The
evidence for a hemodynamic role in atherogenesis is indirect
and based primarily on correlations of ﬁhe observed lesion
foci with sites of disturbed flow demonstrated in models of
arterial branch points, bends, and stenoses (D'Luna et al.,
1982; Fox and Hugh, 1966; Wesolowski et al., 1965). Some of
the known sites of pred.l ction of atherosclerotic plaques
are illustrated in figure 1. Certain "Risk Factors” of
atherosclerosis also provide indirect evidence in favour of
a hemodynamic basis of this disease. Hypertension would be
expected to distort arterial geometries resulting in
increased flow disturbance (Nerem and Levesque, 1983). Also,
heredity as a risk factor in atherogenesis can be explained
hemodynamically via the inheritance of arterial geometries
promoting excessive flow disturbance (Friedman et al.,
1983). In the past two decades there have been some
fundamental studies on the occurrence of flow disturbances
in vivo (Hutchison and Karpinski, 1982; Giddens et al.,
1976). Thus the predictions of model studies are starting to
be verified in the only situation which will yield direct
evidence oﬁ the role of hemodynamic factors in
atherogenesis.

There has recently been a swing towards the low shear
hypothesis with respect to disease of the carotid
bifurcation (Ku et al., 1985a; zarins et al., 1983; Kjaernes
et al., 1981). At this location the evidence points strongly

toward an association between recirculation and low or
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Figure 1. Schematic of the major vessels of the arterial
tree and the known sites of predilection (hatched} for
atherosclerotic disease (modified from Wesolowski et al.,
1365). A. Carotid k.furcatien. B. Coronary arteries. C.
Abdominal aorta branches. D. Ilio-femoral segment. E.
Femoro-popliteal segment.



oscillatory shear with atherosclerotic plague development.
Apart from this location there remains uncertainty as to
what specific hemodynamic effect is associated with
atherogenesis. There are several reasons for this. First,
our knowledge of the specific localization of early
atherosclerotic lesions within most arterial bends,
branches, and bifurcations is uncertain (Nerem, 1981).
Second, the pulsatile nature of arterial blood flow dictates
that flow disturbances will oscillate, both temporally and
spatially, over the pulse cycle (Naumann and
Schmid-Schonbein, 1983). Therefore, an endothelial site
which experiences high shear during early systole may well
experience low shear during late systole or diastolz. There
is currently a lack of detailed, quantitative information
regarding the hemodynamics of arterial flow disturbances in
vivo as a function of the pulse cycle (Taylor, 1983).
Finally, there is some disagreement as to what animal model
is representative of human atherosclerosis (Stehbens, 1975).
Before guestions regarding the correlation of atheroma
sites with_arterial flow disturbances can be properly
addressed, the spatial and temporal details of the latter
must be known. Unlike steady laminar flow in a straight
tube, arterial flow disturbances are predicted to have both
forward and reverse velocities during systole, and to have
their velocity vectors distributed along all three
coordinate axes (Naumann and Schmid-Schonbein, 1983;

Roberson and Crowe, 1980). Moreover, since conduit geometry
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is very important in determining flow conditions, the
tremendous variation in vascular geometries further
complicates the velocity patterns found in the arterial
tree.

Fluid dynamicists are familiar with the problem of
analyzing such complicated flow systems. Their usual
solution is to take the Eulerian point of view (Roberson and
Crowe, 1980), treat a complex flow system as a velocity
field, and analyze it with the appropriate tools. These
include experimental measurements involving, for example,
the hot film anemometer (HFA),the laser Doppler anemometer
(LDA), and the pulsed Doppler ultrasonic velocimeter
(PDUVM). The tools of experimental investigators of arterial

velocity fields are discussed in the following section.

C. TECHNIQUES USED TO INVESTIGATE ARTERIAL VELOCITY FIELDS

Velocity Profiles and Waveforms

Most investigators of arterial velocity fields have
employed one or more of four velocity-sensing techniques:
hot-film anemometry, laser Doppler anemometry, flow
visualization, and pulsed Doppler ultrasonic velocimetry.
Very recently Magnetic Resonance Imaging (MRI) has been used
to study post-stenotic velocity fields (Rittgers et al.,
1988). The HFA, LDA, and PDUVM technigues all rely on the
interpretation of velocity profiles and velocity waveforms.

Very rarely velocity profiles are obtained by quantitative
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flow visualization (Karino et al., 1979; Karino and
Goldsmith, 1985). A velocity profile is a plot of the
velocity distribution across the diameter of the vessel
under -investigation at a particular instant in time. A blunt
or flat velocity profile shape may result from a number of
flow conditions. If the flow is steady (is not pulsatile,
does not change with time) the velocity profile may be blunt
because the viscous boundary layer adjacent to the vessel
wall is not fully developed. The classic example of this is
the flow at the entrance to a pipe (Seed and Wood, 1971).
Alternatively, a blunt velocity profile in steady flow may
be due to the presence of fully developed turbulence. Other
causes of blunt velocity profiles are the presence of a
non-Newtonian fluid, tapering in the flow vessel, and the
presence of pulsatile flow, especially during acceleration.
A parabolic profile is typically observed in fully developed
steady laminar flow (Seed and Wood, 1971). Skewing or
asymmetry in a velocity profile may occur in the vicinity of
curves or branches in a vessel due to localized acceleration
of fluid elements when the local radius of vessel curvature
changes. Velocity profile skewing also occurs in the
presence of flow separation, which is <haracterized by
radical divergence of a boundary (wall) flow zone from
adjacent, more centrestream flow elements due to a positive
downstream pressure gradient (Fox and Hugh, 1966).

A velocity waveform is a record of the variation of

velocity with time in the pulse cycle at a particular
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location in the vessel lumen. The presence of fluctuations
or high frequency content in centrestream velocity waveforms
has been used to detect disturbed or turbulent flow. In
early studies flow disturbance was detected by visual
assessment of velocity waveforms (Ling et al., 1968; Nerem
and Seed, 1972) while in later studies it was detected by
more quantitative methods involving spectral analysis
(Gutstein et al., 1973; Kim and Corcoran, 1974; Cassanova
and Giddens, 1978). Flow disturbance and turbulence have
been shown to be features of the post-stenotic velocity
field (Young and Tsai, 1973a; 1973b; Yongchareon and Young,
1979). They have been infrequently observed in the
unstenosed aorta, usually in the thoracic segment (Ling et
al., 1968; Kiser et al., 1976).

The operation, advantages, and limitations of the HFA,
LDA, flow visualization, and PDUVM techniques will be
briefly described in the following subsections. The MRI
technique is still not fully developed (Rittgers et al.,

1988), and will not be discussed further in this thesis.

The Hot Film Anemometer

The hot film anemometer measures the convective heat
transfer between the local fluid flow and its heated film
sensor. Since this heat transfer is proportional to the flow
velocity, the velocity near the sensor can therefore be
detected. The HFA has been used to explore arterial velocity

fields both in vivo and in vitro. In vivo studies have



mostly been limited to single axial locations due to chir
necessity of puncturing the vessel wall. A further in vivc
difficulty is the tendency of the hot film to become
desensitized due to the accumulation of clctted platelets
and fibrin. Two other problems with the HFA encountered both
in vitro and in vivo are the potential for disturbing the
flow field and a non-linear output which complicates
calibration. Also, early HFA devices lacked directional
capability. Nevertheless, the hot film anemometer has a high
frequency response, which has facillitated the acquisition
of much useful.information on arterial flow disturbances.
Furthermore, the HFA performance in the measurement of
undisturbed steady and pulsatile blood velocity profiles has
been rigorously tested and found to be of a high quality
(Ling et al., 1968). Most of the in vivo HFA studies have
peen conducted in the aortas of anaesthetized animals such
as dogs or pigs. The work has generally involved qualitative
descriptions of measured velocity profiles and/or velocity

waveforms at different locations along the aortic axis.

The Laser ﬁoppler Anemometer

The LDA detects the Doppler fregquency shift of laser
light reflected from tiny particles moving in a flow field.
Since this frequency shift is, by the Doppler effect,
proportional to the particle velocity, the velocity at the
reflection site ('sample volume') can therefore be measured.

Laser Doppler anemometry is the most powerful te hnique for
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describing a velocity field because it can measure velocity
vectors along two coordinate axes, has a high spatial
resolution due to a relatively small sample volume, and can
sense bidirectional flow (Bharadvaj et al. 1982a). The LDA
has, however, a major disadvantage with respect to the
exploration of arterial velocity fields: it cannot be used
in vivo because the vessel wall blocks the transmission of
the laser light. Therefore LDA studies are typically
conducted in clear-wriled arterial models filled with a
transparent liquid such as water or glycerol in wvater.
Minute particles, such as silicone carbide, titanium
dioxide, or latex are added to the model fluid to enhance
the backscattering of light from the sample volume. The
chief advantage of the LDA method over the hot film
anemometer is the capability of recording velocities at
multiple axial locations. Many investigators have taken
advantage of this feature, especially in models of arterial

bifurcations and branches.

Flow Visualization

Flow visualization, usually conducted in clear-wvalled
arterial models made of glass or plastic, involves seeding
the flow fluid (usually water, saline, or some other
transparent liquid) with minute tracer particles such as
hydrogen bubbles or dyes. The velocity field is then
determined by observing and/or photographing the paths taken

by the tracer particles (Clayton and Massey, 1967;



15

Merzkirch, 1979). After this, the data is usually summarized
in a qualitative way, although some quantitative flow
visualization studies have been reported (Karino et al.,
1979; Karino and Goldsmith, 1985). An early report of flow
visualization related to arterial velocity fields was made
by Fox and Hugh (1966). Using open channel models and fine
aluminum powder scattered over the surface of moving water,
they showed that flow separation can occu. at branches,
bends, and expansion sites. Fox and Hugh proposed that such
flow separation could favour the development of
atherosclerosis at analogous siter in the arterial tree.
Although their model geometries only crudely resembled those
found in arteries, the work of Fox and Hugh provided a new

direction fecr atherosclerosis research.

The PDUVM

The pulsed Doppler ultrasonic velocimeter detects the
Doppler frequency shift of ultrasound backscattered from
tiny particles, such as erythrocytes, moving in a flow
field. Since this freguency shift is, by the Doppler effect,
proportional to the particle velocity, the velocity in the
sample volure (analogous to the LDA) can therefore be
measured. A more detailed description of the operation of
the PDUVM is given in a later section of this introduction
(see 'The Doppler Effect and Pulsed Doppler Velocimeter').
The spatial resolution of pulsed Doppler explorations of

arterial velocity fields has sometimes been criticized
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because the PDUVM sample volume is typically much larger
than that of the laser Doppler anemometer. Nevertheless, the
PDUVM can be used in vivo , where laser Doppler anemometry
and most forms of flow visualization cannot be used.
Furthermore, the PDUVM is a completely non-invasive device
and is therefore more suitable than the hot film anemometer
for in vivo application. Indeed, as has been mentioned
previously (see 'Hemodynamics and Atherosclerosis' above)

the FDUVM is used extensively in clinical settings.
D. VELOCITY FIELDS OF SPECIFIC ARTERIAL GEOMETRIES

Arterial Stenoses

Arterial stenosis was briefly defined in the section on
hemoé¢ynamics and atherosclerosis. It is worth repeating here
that arterial stenosis is a clinical condition, usually as a
result of atherosclerotic disease. Furthermore, because of
the previously mentioned dangers of this pathological
geometry to the downstream tissue, its detection is of prime
importance, Arterial stenosis can be detected by identifying
the flow disturbances it produces in the downstream velocity
field (see below), and thus a major objective of the
non-invasive diagnosis of arterial disease is the detection
of disturbed hemodynamics caused by arterial stenosis.
Arterial stenoses are also important from the point of view
of etiology of arterial disease. Artificial and in vitro

stenoses are easily produced and generate flow disturbances
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which are also found at other arterial geometries associated
with atherosclerosis. Such stenoses are therefore a
convenient means of studying the relationship between
disturbed hemodynamics and atherogenesis.

The fluid dynamics of stenoses can be illustrated by
considering the diameter changes that occur as one passes
through a stenosis from the upstream to the downstream end.
As the upstream end of the stenosis is approached the tube
diameter decreases and the fluid elements are accelerated
due to the continuity principle of fluid dynamics (Roberson
and Crowe, 1980). The resultant high velocity fluid emerging
from the downstream end is known as a jet (Cassanova and
Giddens, 1978; Hutchison and Karpinski, 1985). The tube
diameter abruptly increases at the downstream end of the
stenosis and, again due to the continuity principle, the
fluid velocity acrzss the tube decreases. This causes the
lateral fluid press.:e to increase, thus resulting in a
positive pressure gradient between the stenosis and the
post-stenotic velocity field. The positive pressure gradient
favours separation from the jet of the slower moving fluid
lateral to it (Azuma and Fukushima, 1976; Ahmed and Giddens,
1983a). The separated fluid reverses direction at the tube
wall forming a recirculation zone between the jet and tube
walls., At some finite distance downstream of the separation
point the separated fluid reattaches to the rest of the
forward moving fluid due to a decline in the positive

pressure gradient. Near the reattachment site the jet decays
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or breaks up into slower moving fluid with or without flow
disturbance. Flow disturbance may also be generated in the
shear layer between the jet and recirculation zone. The
extent of the recirculation zone and the type of
post-stenotic flow disturbance generated depend on the
stenosis grade (percent area or diameter reduction), the
upstream Reynolds number, and the steadiness or unsteadiness
(time variation) of the flow.

In steady (constant over time) flow at a fixed Reynolds
number the axial and radial extent of the post-stenotic
recirculation zone and the amount of flow di. .urbance
increased with increasing stenosis grade (Ahmed and Giddens,
1983a; Young and Tsai, 19§3a). For a fixed stenosis grade
the axial extent of the post-stenotic recirculation zone
increased with decreasing Reynolds number (Ahmed and
Giddens, 1983a). Asymmetric post-stenotic recirculation
zones have been observed in steady flow, especially when the
stenoses were asymmetric (Lesvesque et al., 1986; Azuma and
Fukushima, 1976; Greene and Histand, 1979). Two types of
post-stenotic flow disturbance have been observed in steady
flow: vortéx shedding and turbulence (Ahmed and Giddens,
1983b). ‘

In pulsatile (unsteady or time varying) flow the amount
of flow disturbance increased with increasing stenosis grade
(Young and Tsai, 1973b; Giddens and Khalifa, 1982). At low
stenosis grades flow disturbance, if any, occurred during

the systolic deceleration phase (Giddens et al., 1976; Azuma
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and Fukushima, 1976). As stenosis grade increased flow
disturbance spread to other parts of the cycle until the
flow was continuously disturbed at extremely severe stenosis
grades (Giddens et al., 1976; Thiele et al., 1983). Three
types of post-stenotic flow disturbance have been observed
in pulsatile flow; a start-up structure, a shear layer
oscillation, and turbulence (Khalifa and Giddens, 1981).
Vortex shedding and coherent structures have also been seen
in pulsatile post-stenotic flow (Giddens et al., 1976;
Giddens :nd Khalifa, 1982; D'Luna et al., 1982; Talukder et
al., 1986). Pulsatile post-stenotic flow disturbance has
been observed to increase with decreasing Womersley pulse
frequency parameter (p'Luna et al., 1982; Yongchareon and
Young, 1979). As has been observed in steady flow,
asymmetric recirculation zones have been detectri in
pulsatile post-stenotic flow ( Lesvesque et al "936;
Hutchison and Karpinski, 1985; Greene and Histe: 1979;

Azuma and Fukushima, 1976).

Flow disturbance intensity has been obze v - xeak
then diminish with increasing post-stenotic axis- - 1%
(Khalifa and Giddens, 1981; Ahmed and Giddens, 19&. . ig’.
et al., 1983). The position of the maximum flow dis.. =% °
was downstream of the velocity maximum (in the jet), 3 = =~

occurred in the region of jet decay (Ahmed and Giddens,
1983b; Hutchison and Karpinski, 1985). Spectral analysis of
the velocity signal was used to characterize the flow

disturbances downstream of in vitro model stenoses (Kim and
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Corcoran, 1974; Cassanova and Giddens, 1978; Khalifa and
Giddens, 1981; Ahmed and Giddens, 1983b). While this
permitted a more quantitative description of flow
disturbance the post-stenotic pattern was, in general,

similar to that observed by other methods.

Arterial Bends

Vessel curvature occurs freguently in the arterial tree
and, in some cases, such as the aortic arch, the change in
vessel direction is quite considerable. The fluid dynamics
of arterial bends can be extremely complicated (Lyne, 1970;
7zalosh and Nelson, 1973; Smith, 1975; Talbot and Gong,
1983), and a full treatment of the subject is beyond the
scope of this thesis. Nevertheless, the fluid dynamics of
arterial bends are briefly discussed here since this
geometry has been implicated in the etiology of
atherosclerosis (Fox and Hugh, 1966; Texon, 1957).

The curvature of a vessel causes the fluid elements
along the inside of the bend to be centripetally accelerated
to a greater degree than the elements along the outside.
Thus the velocity profile is skewed toward the inside of the
bend. This is the recognized flow pattern under entrance
(inviscid) flow conditions (Nerem, 1981). Under fully
developed or viscous flow conditions, however, the velocity
profile in a bend is skewed toward the outer wall due to
so-called secondary flow effects (Nerem et al., 1976). The

latter result from the centripetal pressure gradient which
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accompanies the centripetal acceleration of the fluid
elements in the bend. By the Bernoulli effect the higher
velocities along the inside of the bend cause a decrease in
the lateral pressure at that site and the low outer bend
velocities cause an increase in the pressure there. Because
of the pressure gradient in the bend, not only secondary
flows, but flow separation may occur. Separation
predominantly occurs along the inside of a bend (Fox and
Hugh, 1966; Gessner, 1973; Farthing and Peronneau, 1979:
Talbot and Gong, 1983), but may also occur along the outside
(Fox and Hugh, 1966). The reduced velocities in a separation
zone cause a velocity profile to be skewed away from it,
i.e. predominantly toward the outer wall of a bend.

The velocity fields observed in arterial bends vary
considerably due to the conflicting factors above and
perhaps also due to insufficient data. In the ascending
aorta, which is a recognized entrance region (Nerem, 1981)
the velocity profile was skewed toward the inside wall (Seed
and Wood, 1971). On the other hand, Rodkiewicz (1975)
demonstratgd flow separation along the inner wall of the
aortic arch. Farthing and Peronneau (1979) have observed
flow reversal mostly along the inner wall of the aortic
arch, but occasionally along the outer wall, Falsetti et al.
(1972) observed velocity profile skewing in the ascending
aorta but were unable tec show a consistent direction.
Consistent skewing of velocity profiles toward the outer

wall has been shown in the left main coronary artery (Nerem
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et al., 1976; Altobelli and Nerem, 1985) but not by all

investigators (Wells et al., 1977).

Arterial Branches

Before a vessel branches it is called the parent
vessel. The branches of the parent vessel are then known as
the daughter vessels. When there are only two daughter
vessels of similar size the branch site is known as a
bifurcacion. Sometimes, as occurs in the abdominal aorta,
one of the daughter vessels is much larger than the other
and is known as the main branch. The smaller vessel is then
known as the side branch. As it is for arterial bends, the
study of arterial branch sites is important in
investigations into the etiology of arterial disease (Fox
and Hugh, 1966). In this section findings on branches u7 the
type found in the abdominal aorta are reviewed. Results from
arterial bifurcations are reviewed in a separate section
immediately following the present one.

The fluid dynamics of arterial branches is dominated by
the increase in total cross-sectional area at the branch
site and the flow division into the daughter branches. The
increase in cross-sectional area reduces the velocities in
the daughter branches which results in increased lateral
pressures. Thus there exists a positive pressure gradient at
the entrance to each branch and, if the gradient is steep
enough, fiow separation will occur. 1f separation occurs it

is located along the outer (continuous with parent) walls of
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the branches since this is where the fluid velocity is
lowest and pressure the highest. I1f the flow into one
particular branch is decreased flow velocities will decrease
proportionately, the lateral pressure will thérefore
increase, and thus further flow separation will be favoured.

Flow disturbance (Gutstein et al., 1973) and skewing of
the main branch velocity profile toward the side branch wall
(Houle and Roach, 1981) have been observed at arterial
branch sites. In steady flow conditions flow reversal and/or
flow separation have been demonstrated along the main branch
wall opposite the side branch (El Masry et al., 1978; Karino
et al., 1979; Houle and Roach, 1981; Liepsch et al., 1982;
Lutz et al., 1983; Karino and Goldsmith, 1985; Karino et
al., 1989). The size of the main branch separation zone was
increased with increasing flowrate through the side branch
(Rarino et al., 1979), increasing side-to-main branch
diameter ratio (Karino and Goldsmith, 1985), and increasing
upstream Reynolds number (E1 Masry et al., 1978). No such
separation zone was observed in physiological pulsatile flow
and therefqre it was suggested that caution be exercised in
extrapolating steady flow results to pulsatile conditions
(Lutz et al., 1983). A smaller region of flow separation
and/or reversal was detected along the upstream wall of the
side branch’under steady (Karino et al., 1979; Houle and
Roach, 1981; Karino and Goldsmith, 1985) and pulsatile
(Sabbah et al., 1984a) flow conditions. Helical flow

patterns were also observed in some side branches (Fukushima
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et al., 1988; Sabbah et al., 1984b).

Arterial Bifurcations

In a bifurcation, the site of meeting of daughter
branch walls at which the flow divides is known as the flow
divider. The carotid bifurcation, a particularly well
studied geometry in the arterial tree, is asymmetric. It
consists of the diQision of the common carotid artery into
the internal and external carotid branches, the former
pranch having a larger diameter. Also, the internal carotid
branch expands at the bifurcation junction into a bulb known
as the carotid sinus.

There are two prominent features of bifurcation
velocity fields; velocity profile skewing, and the
possibility of flow separation. The velocity profiles in the
daughter branches are typically skewed toward the flow
divider walls because the fluid elements impinging on the
flow divider originate in the centrestream of the parent
vessel. These fluid elements are normally moving at higher
velocities than those adjacent to the walls of the parent
vessel. The latter flow into the region along the outer
(opposite the flow divider) walls of the daughter branches,
thus reinforcing the direction of velocity profile skewing.
Flow separation in a bifurcation may occur due to the rise
in local pressure which accompanies the increase in
cross-sectional area described in the section on arterial

pbranches. When separation does occur it is located along the
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outer (lateral) walls of the bifurcation.

Velocity profile skewing toward the inner (flow
divider) walls of arterial bifurcations has been
demonstrated in numerous studies under both steady (Brech
and Bellhouse, 1973; Walburn and Stein, 1980; Bharadvaj et
al., 1982a) and pulsatile (Brech and Bellhouse, 1973;
Walburn and Stein, 1980; Friedman et al., 1981; Friedman et
al., 1987) flow conditions. Flow separation along the
lateral walls of arterial bifurcations has also been a
frequent finding (El Masry et al., 1978; Malcolm and Roach,
1879; Walburn and Stein, 1980;: Logerfo et al., 1981a, 198 1b;
Bharadvaj et al., 1982a, 1982b; Ku and Giddens, 1983;
Fukushima et al., 1988), although it has not always occurred
in both branches (El Masry et al., 1978; Walburn and Stein,
1980; Bharadvaj et al., 1982a, 1982b) or at low Reynolds
numbers (El Masry et al., 1978; Friedman et al., 1980). The
size of arterial bifurcation separation zones has been shown
to increase with decreasing flow into the branch in which
the zone is located (Malcolm and Roach, 1979; Logerfo et
al., 1981a, 1981b; Bharadvaj et al., 1982a) and to increase
with increésing upstream Reynolds number (E1 Masry et al.,
1978: Bharadvaj et al., 1982a).

Special findings in the well studied human carotid
bifurcation deserve mention. A prominent zone of flow
separation was observed along the outer wall of the carotid
sinus (Logerfo et al., 1981b; Bharadvaj et al., 1982a,
1982b; Ku and Giddens, 1983; Fukushima et al., 1988 ). In
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steady flow this separation zone moved upstream with
decreasing internal carotid artery flow and increasing
common carotid artery flow (Bharadvaj et al., 1982b) and
increased in size with increasing external carotid artery
flow (Logerfo et al., 1981b). In pulsatile flow the sinus
separation zone was formed during systolic acceleration,
expanded during systolic deceleration, and remained expanded
during diastole (Ku and Giddens, 1983). Wall shear stresses
measured by the velocity profile technique in steady (2arins
et al., 1983) and pulsatile (Ku et al., 1985a) flow have
revealed that the outer sinus wall is a region of low,
sometimes reversed or oscillatory shear, while the inner
(flow divider) wall is a region of high shear. Helical
secondary flows have also been observed in the carotid sinus
(Logerfo et al., 1981b; Bharadvaj et al., 1982b; Ku and
Giddens, 1983) and systolic flow reversal has been detected
ultrasonically along the sinus outer wall (Phillips et al.,

1983: Ku et al., 1985b).

E. THE DOPPLER EFFECT AND PULSED DOPPLER VELOCIMETER

Users of pulsed Doppler technology are indebted to the
Austrian mathematician/physicist Christian Doppler, who
discovered the Doppler effect in the mid-nineteenth century
(White, 1982; Eden, 1986). Simply put, the Doppler effect
states that whenever there is relative motion between a wave
source and an observer, the observed wave frequency will be

greater or less than the source frequency, depending on the
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direction of the velocity vector. In his original paper
Doppler used the analogy of a ship sailing on the ocean to
explain the phenomenon (Eden, 1986). Thus a ship sailing
toward a wave source encounters more waves per unit time
than a ship at rest, and a ship sailing away from a wave
source encounters less waves per unit time than a ship at
rest. Doppler used several different examples of
astronomical data to support his theory, all of which were
jater shown not to be due to the Doppler effect.
Nevertheless, his formulation for sound waves was correct
(Eden, 1986).

The first experimental verification of the Doppler
effect was made by the Dutchman Christoph Buys Ballot
(White, 1982). Buys Ballot used a locomotive and flatcar
loaned from the Dutch government, horn players, and
musically trained observers in his experiments (Eden, 1986).
Horn players on the flatcar and beside the track were asked
to play the same note as the locomotive pulled the flatcar
at a speed of forty miles per hour. As the flatcar passed
the stationary horn players and observers the Doppler effect
for sound waves was confirmed: the apparent pitch of the
flatcar note was a half note higher than the stationary note
on approach of the flatcar and a half note lower on
recession. It was not until the turn of the century that the
optical Doppler effect was experimentally confirmed (White,

1982).



28

There are diverse non-medical applications of the
Doppler éffect. The previously mentioned laser Doppler
anemometer (LDA) is used in engineering flow measurements
requiring high spatial resolution and minimum disturbance of
the flow field (Roberson and Crowe, 1980). Radar systems
also employ the Doppler principle (Kock, 1973). The 'Big
Bang' expanding theory of our universe relies on the
demonstrated Doppler shifts in the light spectra of certain
galaxies (White, 1982). The Doppler effect has enabled
calculation of the rotation speeds of the sun, planets, and
rings of Saturn (White, 1982). Aerial navigation, satellite
tracking, control of thermonuclear reactions, and
measurement of car speeds by police officers all rely on the
Doppler effect (Eden, 1986).

Medical applications of the Doppler effect are chiefly
concerned with the clinical evaluation of the cardiovascular
system. An exception to this is the laser Doppler
anemometer, which has been used in numerous in vitro model
studies of arterial velocity fields (Bharadvaj et al.,
1982a; Ku et al., 1965a, 1985b). While the LDA cannot be
used in vivo, a different laser Doppler configuration is
used to measure skin blood flow (Stein et al., 1977; Nilsson
et al., 1980; Winsor et al., 1989). In addition, Rajiya et
al. (1981) have developed an invasive laser Doppler
velocimeter using an optical fibre and catheter probe. This
has been used to measure velocity waveforms in the left

circumflex coronary arteries of anaesthetized dogs. Doppler
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ultrasonic flowmeters are used extensively in clinical
settings (see 'Hemodynamics and Atherosclerosis', above), as
well as in fundamental hemodynamic studies (Greene and
Histand, 1979; Hutchison and Karpinski, 1985).

The first Doppler ultrasonic blood flow-sensing device
was used by Satomura (1957). This and other {Franklin et
al., 1961) early Doppler flowmeters were of the continuous
wave, non-directional type. Thus their flow signals resulted
from moving structures at all depths in the sound beam and
they were unable to distinguish between forward and reverse
flows. A Qualitative directional Doppler flowmeter was
developed by McLeod in 1967 (Baker et al., 1978), and a
qguantitative version by Nippa et al.(1975). Between the
latter two developments pulsed Doppler ultrasonic
velocimeter (PDUVM) technology emerged (Baker, 1970). By
transmitting and receiving discrete pulses of sound this new
device was abie to detect blood flow at specific, selectable
locations along the ultrasonic beam. The most recent
developments in Doppler flowmeter technology are the
widespread clinical uge of duplex scanners in the diagnosis
of arterial disease (see 'Hemodynamics and Atherosclerosis'
above) and the use of multigated pulsed Doppler velocimeters
for the rapid acquisition of arterial velocity profile data
(Reneman et ai., 1986). The former device was pioneered by
Barber et al. (1974), and the latter by Baker (1970).

The PDUVM operates as follows. A pulsed ultrasonic beam

is directed into the vessel of interest, and the sound is
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backscattered from each insonnated red blood cell with a
Doppler frequency shift, Fd, proportional to the cell's
velocity, V. The actual equation used in this situation
differs from that presented in elementary physics texts
because the transducer emitting the ultrasound acts both as

a 'source' and a 'listener':

Fd

2(FO)VCOSH/Chrveeennsennnnnnesssnsall)

where Fo transmission frequency
6 = angle of ultrasonic

beam with artery axis

(@}
n

velocity of sound

in medium

Derivations of this equation from first principles may be
found in Khalifa (1978) and Aaslid (1986). In general, in
vivo red cell velocities are such that the backscattered
Doppler signal has a frequency shift which lies in the audio
range. Furthermore, the finite size of the ultrasonic beam
resulte in a spectrum of freqguency shifts, ZF4d, returning to
the transducer. The breadth of this spectrum is partly
dependent upon the range of velocities, ZV, present in the
intersection of the ultrasonic beam with the velocity field,
and partly upon the transit time through the beam (Newhouse

et al., 1980; Garbini et al., 1982). Thus the PDUVM does not
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output point velocities. Instead, it outputs a range of
velocities present in a fixed spatial region known as the
sample volume. The characteristics of a given PDUVM sample
volume are partly dependent upon transducer geometry, and
partly upon the electronics of transducer excitation.

The electronic components of the PDUVM consist of a
master oscillator, gating circuit, and quadrature phase
detector (Zagzebski, 1986; Hartley, 1978; Jorgensen et al.,
1973). A schematic of the PDUVM electronics is depicted in
figure 2. The master oscillator generates a reference
fregquency which is segmented into a train of pulses by the
gating circuit. The pulse train excites the ultrasonic
transducer (a piezoelectric crystali to repeatedly emit
tursts of ultrasound. These are backscattered from the flow
field and sampled after a finite time interval which
Getermines the distance between the transducer and its
sample volume. The spatial position of the latter is
controlled by the "range setting” of the gating circuit. The
higher the range setting, the longer the sampling gate
remains closed. When the gate is opened, the backscattered
pulse signal received by the quadrature phase detector has
travelled a distance proportional to the gate delay. The
sign of the phase shift between the two guadrature signals
is determined by the direction of red blood cell motion with
respect to the ultrasonic axis. This directional information
can be recorded by passing the Doppler signal through a

frequency-of fset circuit. A forward velocity signal will lie
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transmission frequency, Fo, and the Doppler shift, Fd. Also

included is the offset circu.c which adds an offset

frequency, Fs, to the PDUVM quadrature output.
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above the offset fregquency while a reverse velocity signal
will lie below the offset.

The methods of analysis of the PDUVM signal have
evolved over time. The earliest Doppler flowmeters used zero
crossing detectors to obtain a representative frequency from
the Doppler output spectrum (Baker et al., 1978). Zero
crossing detectors continued to be used into the 1970's at
which time their inaccuracies and limitations became well
known (Reneman and Spencer, 1974; Lunt, 1975; Johnston et
al., 1977). Briefly, these inaccuracies and limitations are:
the zero crosser cannot produce a linear output if the blood
velocity profiles Qary in time; the zero crosser is very
sensitive to noise in the Doppler signal; the zero crosser
frequency is reduced by artifactual signals produced by
arterial wall motion; necessary filtering of the zero
crosser output may interfere with the recording of transient
velocity changes; and the zero crosser does not give.
meaningful output when blood flow is present in two
directions at once. Furthermore, it has been found that zero
crossing detectors present problems in the face of turbulent
flow conditions (Spencer, 1986). These problems, and the
loss of the complete Doppler spectrum when using zero
crosser analysis, led to the development of frequency
spectrum analysis technigues (Spencer, 1986). A number of
choices for real time spectral analysis were available in
the late 1970's: the fast Fourier transform (FFT); time

compression analysis; multifilter freguency analysis; analog
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processing of the original Doppler signal; and the
phase-locked-loop method (Johnston et al., 1977). In the
early 1980's, the Autoregressive (AR) technique of spectral
analysis was suggested as avoiding the problem of spectral
leakage associated with the FFT method (D'Luna et al.,
1982). Nevertheless, the digital FFT has emerged as the
predominant method of Doppler spectral analysis in current
clinical settings (Beach and Phillips, 1984).

Despite its use in clinical settings, very few rigorous
studies employing the PDUVM have been conducted in the post
stenotic velocity field (Hutchison and Karpinski, 1985;
Thiele et al., 1983). Most of the information about the
post-stenotic velocity field has been acquired with the hot
£ilm anemometer, laser Doppler anemometer, or by flow
visualization. There is clearly a need to assess in detail
the capabilities and limitations of the PDUVM/FFT method as
a tool for exploring post-stenotic velocity fields.
Moreover, the effect of variation of heart rate and
pulsatility on the post-stenotic velocity field has not been
investigated by this method. With the exception of the
carotid bifurcation (Phillips et al., 1983; Ku et al.,
1985b) there is without question a shortage of pulsed
Doppler data on the velocity fields of arterial branches.
Acquisition of such data is necessary to assist
investigators interested in possible hemodynamic causes of

atherosclerosis.
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F. OBJECTIVES

The ‘general purpose of this thesis was to use 10 and 20
MHz single-gated PDUVM's to explore the velocity fields
associated with arterial disease. The purpose underlying
this was tc broaden the knowledge base used in the
ultrasonic detection of arterial disease and to obtain
further evidence in support of the role of hemodynamic
factors in atherogenesis. Specific objectives related to the
general objective fall into one of three categories:
determination of limitations of the method; exploration of
post-stenotic velocity fields; and exploration of velocity

fields in the vicinity of aortic branches.

petermination of Limits of the Method

The acéepted means of describing the spatial resolution
of a PDUVM is to quote its sample volume dimensions (Morris
et al., 1973; Hoeks et al., 1984). Therefore the first step
taken towards determination of the limits of the PDUVM
method was to measure the sample volumes of both the 10 and
20 MHz velqcimeters. Next, the performance of the PDUVM in
the simplest possible flow regime, steady laminar flow, was
assessed. This was accomplished by comparing the theoretical
velocity profile for steady laminar flow with velocity
profiles measured by the PDUVM. The effect of different
spectral patameters on the computation of laminar velocity

profilas was also investigated.
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Ernloration of Post-stenotic Velocity Fields

Exploration of post-stenotic velocity fields was the
most clinically oriented objective of this thesis, since the
diseased artery typically has a stenotic geometry. The first
step taken was to determine the limitations of the PDUVM
method in the simplest situation - when the flow upstream of
the stenosis was steady. Again a comparison was made between
velocity profiles measured with the PDUVM and the actual
velocity field determined by alternate means. In this case
flow visualization was used to determine the actual post
stenotic velocity field. A second objective was to
investigate the type of post-stenotic flow regimes that were
identifiable with the PDUVM when the flow upstream of the
stenosis was pulsatile. Initially, the pattern of PDUVM
velocity profiles downstream of different model stenoses was
determined. Later, the correspondence between centrestream
PDUVM spectral waveforms and the visualized post-stenotic
velocity field at different times in the pulse cycle was
determined. Next, the question was asked: how do PDUVM
spectral waveforms vary with position of the sample volume
in the post-stenotic velocity field? This was the sort of
question addressed by Phillips et al. (1983) and Ku et al.
(1985b) with respect to the carotid bifurcation. But to our
knowledge it has not been investigated post-stenotically
with a PDUVM. Initially, the influence of radial and axial
sample volume position on the post-stenotic PDUVM spectral

width under conditions of steady upstream flow was
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investigated. Later, the effect of variation of pulse rate
and pulsdtility on centrestream PDUVM spectral width at a
series of axial locations downstream of model stenoses was

investigated.

Exploration of Velocity Fields in the Vicinity of Aortic
Branches

Direct evidence on the role of hemodynamics in the
initiation and/or progression of atherosclerosis can only be
obtained by in vivo experiments. Since the major branches of
abdominal aorta are freqguently subject to atherosclerotic
disease (Spain, 1966; Wesolowski et al., 1965), and since
there are only limited reports of in vivo pulsed Doppler
investigations at these sites (Miller et al., 1972), it was
decided that a major objective of this thesis would be &
detailed exploration of velocity fields near such branches
in the anaesthetized dog. Specifically, the cranial
mesenteric, left renal, and right renal artery branch sites
were selected for PDUVM investigation. Because variation of
physiological parameters such as branch flow is very
difficult in the anaesthetized animal, another objective was
to supplement the in vivo experiments with experiments in a
cast-derived model of one of the in vivo branch sites. The
effect of variation of branch flow on the model velocity
field was investigated both under steady and pulsatile flow

conditions.



I1. MATERIALS AND METHODS

A. SAMPLE VOLUMES OF 10 AND 20 MHZ PDUVM'S

The sample volumes of one 20 MHz and one 10 MHz PDUVM
transducer were determined by the moving string technique
(Walker et al., 1982). Each transducer was mounted in a
micromanipulateor at an angle of 60 degrees with respect to
the horizontal. To obtain a Doppler signal, each transducer
was directed at a loop of 4-0 (0.2 mm diameter) surgical
silk thread rotating in the horizontal plane. The thread was
tightly strung about two pulleys mounted in an acrylic tank.
Thread rotation was produced by linking one of the pulleys
to an axle driven by a DC motor. To provide an environment
suitable for ultrasonic transmission the acrylic tank was
£filled with distillsd water to a level where both the thread
and transducer were immersed and the sides and bo:tom were
lined with sound-absorbing foam.

The Doppler signal returning from the moving thread was
passed through a Bruel and Kjaer type 2021 heterodyne filter
and recordgd on standard EKG tape using a Statham SP2002
recorder. The appropriate thread focussing frequency was
determined by the Doppler shift equation to be 4 XHz. This
was based on a physiological red cell velocity of 60
cm./sec. in a vessel insonated with a 10 MHz PDUVM, assuming
a sound velocity of 1540 m./sec. Focussing was achieved by
adjusting the DC motor speed so that the signal peak

occurred at 4 kHz on a Bruel and Kjaer type 1025 Automatic

38
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Vibration Exciter Control coupled to the Heterodyne filter.

For the 20 MHz transducer, sample volume intensity
profiles were determined as follows. The PDUVM range was
successively set at 2.5, 3.7, 4.9, 6.1, and 7.3 mm and the
probe descended upon the moving thread until a maximum
signal was produced. After focussing, vertical and
horizontal signal profiles were obtained at each range
setting by moving the sample volume across the thread with
the range gate and horizontal manipulator, respectively. The
resulting signal profiles were used to make signal intensity
versus sample volume position plots. The plot widths at the
50 percent of maximum intensity level were measured and used
as estimates of the axial (length along sound beam axis) and
horizontal (diameter) sample volume dimens.ons at each range
ljocation. At each range gate location fourteen plot widths
were averaged to obtain a measure of sample volume length
and diameter. The 10 MHz transducer sample volume dimensions
were determined in the same way, except that the range
settings were extended further and fewer plot widths (ten)
were used in the averaging. The range settings were 2.8,
3.9, 5.1, 6.3, 7.5, 8.7, and 9.9 mm. For both transducers
the sample volume dimensions were averaged over all the

range settings to yield a summary length and diameter.
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B. STEADY LAMINAR FLOW IN VITRO

The Cardiovascular Model

A cardiovascular model (figure 3) was constructed and
used to investigate the velocity and spatial re¢ - ‘ution of
both the 10 and 20 MHz velocimeters unaer conditions of
steady laminar flow. The model incorporated a steady flow,
tygon tubing versior of the circuit used by Chapman and
Charlesworth (1983) and a working fluid and test section
cimilar to that of Greene and Histand {1479). Specifically,
the test section consisted of thin - walled dialysis tubing,
which is known to transmit Doppler ultrasound with minimum
refraction (Peronneau et al., 1977). The dialysis tubing
(Spectrapor no. &) had a manufacturer rated dry wall
thickness of 0.051 mm. The wet wall thickness using calipers
was 0.015 cm. Depending on the amount of axial stretch in
the test section, the wet tube diameter varied from 5.4 to
5.5 mm. The tubing was immersed in a 0.9 percent NaCl bath
to facilitate ultrasonic coupling between PDUVM transducers
and the measured velocity field.

The circulating fluid consisted of a cellulose - seeded
mixture of glycerol (36.7 percent by mass) in distilled
water. The mixture had a dynamic viscosity of 3.1 centipoise
when measured in a Brookfield LVF viscometer with UL
adapter. The mixture's density was found to be 1.09 g./ml.
by measuring the mass and volume of a representative sample.

The speed of 3.8 to 19.2 MHz sound in 36.7 percent
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glycerol/water is reported to be 1571 meters per second
(Willis, "1947). This was taken as the value of the 'C'
parameter in the in vitro applications of the Doppler shift
equation. In later in vivo experiments the parameter value
used was 1540 m./sec.

Cellulose seeding was accomplished in two steps. First,
microcrystalline cellulose (Sigma no. 20) was added to the
glycerol/water mixture to a concentration of 0.56 percent by
mass. The solution was then vacuum - filtered (Whatman no.
54 paper) to remove particlesg larger than 20 micrometars in
diameter. This ensured that the PDUVM - measured velocity
profiles would not be distorted by the effects of high
sedimentation rates or large particle to tube diameter
ratios. PDUVM measurements carried out in a vertically
oriented tube suggestecl that sedimentation was not a problem
in the more convenient horizontal arrangement of the test
section. Electromagnetic stirrers in the head tank and
downstream reservoir were used to keep the cellulose
concentration uniform throughout the model.

To maintain a constant pressure head the return pump
was set to slightly exceed the head tank outflow; the excess
flow was shunted to the downstream reservoir by the overflow
path. The flow rate through the test section was determined
by the value of a variable downstream resistance and the
height of the head tank above the test section. The
downstream resistance was successively increased by

inserting short segments of concentric tygon tubing, after
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the method of Hay (1976). Four different volume flow rates
were genérated using the tygon resistors and measured by
timed collection into graduated cylinders (Table 1). The
corresponding Reynolds numbers were calculated vsing the

equation:

Re = 4pQ/ﬂDou............................................(2)

where Q volume flow

P fluid density

Do = tube diameter

u = dynamic viscosity

To ensure laminar flow in the test section, the
Reynolds numbers (Table 1} were restricted to 1200 or less,
and the entrance and test section geometry were maintained
uniformly cylindrical and smooth. To ensure fully developed
flow, an entrance length, L, of 84 cm. was used. Given the
above maximum Reynolds numbers, Re, and a maximum test
section radius, Ro, of 2.75 mm., this entrance exceeded
generously the minimum obtained from the entrance equation

guoted in McDonald (1974):

L=OQOB(RO)(Re).'.....'."........l‘...00.00'00000000000(3)
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VOLUME |
FLOWRATE |

( mi/sec )

MEASURED §
DIAMETER
( mm )

REYNOLDS
NUMBER |
( Re )

Table 1. Laminar flow test section Reynolds numbers and the
volume flcw rates and tube diameters from which they were

calculated.
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Experimental Protocol

Each experiment began with the measurement of circuit
volume flow and tube diameter at the velocity sampling site.
These measurements wvere fed into a minicomputer (DEC,
LSI-11-2) for calculation of the theoretical velocity
profile, v(r), for steady, fully developed, laminar flow

(Roberson and Crove, 1980):

v(r) = Vmax(l-(r/Ro)’)...................................(4)

where Vmax 2Q/7(Ro)?

and r tube radial position

Velocity profiles were then measured using the 10 and
20 MHz pulsed Doppler ultrasonic velocimeters. The sample
volume ¢i -2ach PDUVM was range-gated through the
mid-veriical plane of the dialysis tubing in increments of
0.4 mm along the ultrasonic axis. At each sampling point the
PDUVM's quadrature outputs were passed through a frequency
offset circuit which displaced the Doppler signal, Fd,
according to the velocity sign of the scatterers (cellulose)
moving within the sample volume. Forward moving scatterers
resulted in a Doppler spectrum lying above the offset
frequency, Fs, while reverse moving scatterers resulted in a
spectrum lying below the offset. The shifted spectrum was
fed into a digital spectrum analyzer (Angioscan, Unigon

industries) and the FFT processor output stored in a
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software array. Each sampled spectrum was analyzed to
determineé the mode and contour freqguencies using the

definitions and software of Hutchison and Karpinski (1985),

Calculation of Doppler Shift Frequencies and Spectral Widths
For the sake of completeness, the calculation of the
mode and contour frequencies of the Doppler signal used by
Hutchison and Karpinski (1985) is briefly described here.
Also described is the calculation of the mean Doppler
frequency since it was used in addition to the mode in the
determination of laminar velocity profiles. The mode Doppler
frequency was calculated as that frequency with the highest
amplitude in the Doppler spectrum (figure 4). The upper and
lower contours were calculated as those frequencies
respectively above and below the mode with amplitudes 8
decibels down from the mode amplitude. The mode and contours
were stored on computer discs for subsequent analysis. The
low contour to upper contour band idth was used in the
computation of the spectral mean. In particular, an
arithmetic'mean of the frequencies lying between the upper
and lower contours was computed. From the same set of
frequencies the standard deviation was calculated by the
usual formula involving the computed mean and the number of
points. Like the mode and contour frequencies, the spectral
mean and standard deviation were stored on computer discs
for subsequent analysis. In the laminar flow experiments of

this thesis both the spectral mode and spectral mean were
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Figure 4. Typical Doppler spectrum illustrating the

derivation of mode frequency and spectral contours. M - mode
frequency: the frequenc& with highest amplitude. U - upper 8
decibel down contour: the frequency above the mode with
amplitude 8 decibels down from the mode amplitude. L - lower
8 decibel down contour: the frequency below the mode with

amplitude 8 decibels down from the mode amplitude.
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used in the calculation of velocity profiles fcr comparative
purposes. In all other parts the spectral mode was used to
represent the Doppler frequency shift, since it avoids some
of the disadvantages of the spectral mean in the detection
of the true Doppler signal location (Langlois et al., 1384),
As illustrated in figure 5(a) the spectral mean and mode
coincide if the Doppler signal spectrum is symmetric, e.g. a
Gaussian distribution. In practice, the Doppler spectrum 'is
often asymmetric (Langlois et al., 1984). When this occurs
the spectral mean and mode differ considerably, as shown in
figure 5(b). Furthermore, in this situation it is the mode
that correctly identifies where the bulk of the signal is
located. This difference in the location of the mean and
mode occurs whether or not the spectral mean is calculated
from a filtered signal. Without some form of bandwidth
filtering the raw spectral mean/standard deviation method is
very sensitive to noise. This is demonstrated in figure %
using a Doppler signal originating in the carotid artery of
a dog. The mean/standard deviation spectral plot is of
ragged appearance due to noise outside the spectrum of the
Doppler signal. This interference is absent in the mode/8 dB
contour spectral plot. The mean/standard deviation spectral
method was used only in the laminar flow ezperiments and was
bandwidth filtered using the mode's 8 dB upper and lower
contours as cutoff points. The mode/contour width method was
preferred as it better reflects the occurrence of asymmetry

in the Doppler signal spectrum (Langlois et al., 1984).
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mean and mode differ substantially when the spectrum is
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Karpinski of the University of Alberta. Used with
permissicn.
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Calculation of Laminar Velocity Profiles

To obtain laminar flow velocity profiles, v(r), for
both PDUVM's the mesn ancé mode frequencies at each radial
position, r, were substituted for the Doppler shift

frequency, Fd, in a rearranged form of equation (1):

v(r) = C(Fd)/(z(Fo)cose).................................(5)

where C = speed of sound in working fluid
Fo = transmission freguency
and 6 = transducer-flow axis angle

A Hewlett Packard 72218 pen-plotter was used to plot the
Doppler shifr amplitude spectra and theoretical and

PDUVM-measured velocity profiles.

C. POST-STENOTIC FLOW WITH STEADY UPSTREAM FLOW

Three acrylic stencses, each 1 cm. long, and of
internal diameters 0.19, 0.29, and 0.4 cm. were fitted to
the steady flow test section entrance. Small diameter (5.5
to 6.0 mm) dialysis tubing was tied with 4-0 surgical thread
around the lip of each stenosis so that the downstream
section was accessible to the PDUVM. Three of the resistors
used in the laminar flow experiments were used to vary the
flow in the stenosed model. The combination of three
stenoses and three flow rates allowed the investigation of

nine different post-stenotic velocity fields. The 20 MHz
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PDUVM was used to measure velocity profiles in the test
section ¢entral horizontal plane starting at 0.44 cm.
downstream of the stenoses. The PDUVM probe, and therefore
the sample volume, was manually stepped across the tube
diameter in increments of 0.5 mm using a micromanipulator.
The same post-PDUVM instrumentation used in the laminar flow
experimznts was used to process and store the Doppler
signal.

After velocity profile measurement flow visualization
was used as an independent measurement of the post-stenotic
velocity field. During the preparation of the model fluid it
was not only seeded with cellulose by the same method as the
laminar flow experiments, but also with light-refle:cting
tracer particles (Mearlmaid, Mearl Corp.). Mearlmaid seeding
was accomplished as follows. First, 8 to 10 ml of Mz2arlmaid
paste was added to 5330 ml of a glycerol (36.7 percznt by
mass) in water solution and allowed to mix thoroughly. The
resultant Mearlmaid solution was allowed to stand for about
12 hours to promote sedimentation of the larger particles.
After 12 hours, 300 ml were removed from the top,
unsedimented layer of the solution. Finally, this 300 ml was
mixed into a fresh 5330 ml of cellulose-seeded model fluid
used in the laminar flow experiments. Using the glass rod
technique of Philpot et al. (1985) the test section central
horizontal plane was illuminated with a 7 mW helium-neon
laser. The flow patterns of the Mearlmaid particles were

then photographed at 200 frames per second with a 16 mm
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cinecamera (Locam) and high speed colour film (Kodak
Ektachrome 7250, VNX 449). A schematic of the flow

visualization apparatus is given in figure 7.

D. POST-STENOTIC FLOW WITH PULSATILE FLOW UPSTREAM
Rearrangement of the steady flow circuit and addition
of a pulsatile unit, a control unit, and a downstream head
tank allowed the investigation of post-stenotic velocity
fields whe~ -l.2 upstream flow was pulsatile. A schematic of
the pulsatile circuit is given in figure 8. The working
fluid used was similar to that of the steady flow
experiments, but with with the addition of scdium chloride.
to a concentration of 0.2 percent (w/v), to make the fluid
sensitive to electromagnetic flow recording. To prevent
algae growth 23 ml of the antiseptic fluid Helcyon (Halcyon
Waterbed Inc.) was added. An electromagnetic flowmeter probe
(Nycotron) inserted upstream of the test section was used to
monitor the mean and instantaneous volume flow rates. The
electromagnetic flcwmeter signal was calibrated under
conditions of steady flow by timed collection into a
graduated cylinder. After calibration the circuit was
switched to its pulsatile configuration and pulsatility (A)

was calculated using the formula:

)\ = Qp/Qm - 1-ooovooocooooocnoootooo-00..0.-...--00-.-..-(6)

where Qm = mean flow rate
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Figure 7. Schematic of the flow visualization apparatus
used to reveal the actual post stenotic velocity field in
the central horizontal plane of the test section dialysis

tubing.
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Figure 8. Schematic of the pulsatile cardiovascular model.
This circuit was used for both oulsatile post-stenotic and

pulsatile branch flow model studies.
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Qp = peak flow rate,

‘¢.tained from the instantaneous flow signal

The initial pulsatile unit consisted of a cylindrical
vibrator (Derritron, VP4) inserted into the acrylic pressure
chamber used by Hutchison (1974). The control unit consisted
of a 100 ampere power amplifier externally driven by a sine
wave originating in a Hewlett-Packard 3310A function
generator, Pulsatility and pulse rate were determined by the
control unit amplitude and freguency settings. In later
experiments the pulsatile unit consisted of a cam-driven
piston apparatus similar to that of Pelot (1981). Control of
this pulsatile unit was achieved by turning off the power
and manually adjusting cam amplitude and axle rotation
speed. Specifically, the model pulsatility was determined by
the amplitude of the waveform superimposed on the cam base
circle and varied by using a series of plastic cams of
different amplitudes. The cam outlines were calculated by an
interactive computer (DEC, previously described) program and
plotted with the previously described interfaced
pen-plotter. An example of a sinusoidal waveform
superimposed on a base circle is given in figure 9. Model
pulse rate vas determined by the rotation speed of the cam
axle. This, in turn, was indirectly controlled by the
rotation speed of a geared AC motor (Bodine Electric Co.).
The cam and motor axles each had a pulley and the two

pulleys were linked by a rubber belt. By increasing the
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SINUSOIDAL CAM
OUTLINE

BASE CIRCLE

Figure 9., Outline of a sinusoidal cam used in the pulsatile

flow experiments. Also shown is the base circle from which

the cam was derived.
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diameter of the motor axle pulley, and decreasing the
diameter of the cam axle pulley, the cam rotation speed
could be increased, and vice versa. A photograph of the
cam-based pulsatile unit is given in figure 10.

For both pulsatile units the flow rate was zontrolled
by the height differential between the upstream and
downstream head tanks and a screw clamp resistor between the
upstream head tank and the pulsatile unit.

Three main experimental protocols were followed. First,
the flow fields 0.6 to 25.0 cm downstream of the previously
used 1.9 and 2.9 mm acrylic stenoses were visualized using
the light-reflecting particles and photographic technique of
the steady flow experiments. Pulse rate was varied between
1.5 and 4 Hz, pulsatility between 0.24 and 1.05, and mean
flow rate between 250 and 694 ml/minute. At some of the
visualized axial locations the velocity field was sampled
with the 20 MHz PDUVM for comparative purposes. As in the
steady flow post-stenotic experiments, velocity profiles
were recorded along the central horizontal plane of the
post-steno;ic tubing with sample volume increments of 0.5
mm. In these experiments the vibrator-based pulsatile unit
was employed. In the second protocol the effect of pulse
rate on the velocity field 0.6 to 15.0 cm downstream of the
2.9 mm stenosis was investigated. Initially, PDUVM spectra
were recorded while the pulse rate was varied from 2.0 to
4.5 Hertz at a pulsatility of 0.42 and a mean flow rate of

330 ml/minute using the vibrator-based pulsatile unit.
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Figure 10. Photograph of the cam-based pulsatile unit used

in pulsatile flow model experiments. a) Stroke chamber. b)

Follower shaft. c¢) Sync signal microswitch. d) Plastic cam.

e) Geared AC motor.
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Later, PDUVM spectra were recorded while the rate was varied
from 51 to 240 beats per minute (BPM) at a mean pulsatility
of 1.78 and a mean flow of 292 ml/minute using the cam-based
pulsatile unit. For both of these pulse rate protocols PDUVM
velocity profiles were recorded along the central hocrizontal
and central vertical planes at each axial location. The
third protocol investigated the effect of pulsatility on the
velocity field 0.6 to 15.0 cm downstream of the 2.9 mm
stenosis. The pulsatility was varied from 0.7 to 2.0 while

the pulse rate and mean volume flow were maintained at 105

bpm and 316 m!l/mi ~espectively.
In the first ... . 'otocols the post-stenotic test
section consig::: .. tie same diameter dialysis tubing as in

the steady flow post-stenotic experiments. In the third
protocol it was found that the dialysis tubing collapsed at
the highest pulsatility. Therefore, in these experiments the
post-stenotic test section consisted of a 1/4 inch inner
diameter rigid acrylic rod fitted over the stenosis with O
rings. PDUVM transducer access to the test section was
obtained via holes drilled in the central vertical plane of
the rod at the required axial locations. Custom made rubber
stoppers plugged the holes not filled by the PDUVM
transducer. PDUVM spectra and derived velocity profiles were
recorded only in the central vertical plane of the
post-stenotic tubing. In this instance the sample volume

increment was 0.6 mm along the ultrascnic axis.
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In all three protocols the electromagnetic flowmeter
signals were recorded on separate channels of a Gould 2400S
chart recorder. The PDUVM gquadrature outputs were recorded
on the direct channels of a tape recorder (Gould no. 6500;
+-3 dB over 100 Hz to 150 kHz). When the vibrator-based
pulsatile unit was used, the sguare sync output of the
control unit was recorded simultaneously on an FM channel.
This provided a periodic triggering signal necessary for
subsequent computer sampling of the Doppler signal., When the
cam-based pulsatile unit was used, the tripping of a
microswitch mounted in th® vicinity of the cam follower
generated the sync signal to be recorded on the FM channel.
and required for sampling. A metal rod mounted
perpendicularly on the follower tripped the switch once per
cam cycle. The switch mount was variable through the use of
a set screw, thus allowing for cams of different amplitudes.
On playback, the PDUVM signals were processed through the
same offset circuit and spectrum analyser as were used in
the steady upstream flow experiments. Sampling of PDUVM
spectra was triggered by the rising or falling edge of the
FM channel sync signal. The spectra were stored on disc or
in bank memory. Spectra having rise to rise intervals that
differed by less than 10 percent were ensemble averaged. As
in the previous post-stenotic experiments the spectral mode
was used as the representative frequency in the Doppler
shift equation, and the spectral width was calculated from

the separation between the mode's 8 decibel down contours.
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E. BRANCHED AORTIC FLOW IN VIVO

Velocity Field Measurement

In ¢z series of experiments in anaesthetized dogs,
pulsed Doppler velocimetry was used to map aortic velocity
fields in the vicinity of abdominal branches , usually 0.5
cm downstream of the cephalic (cranial) mesenteric and left
renal arteries. The entire cross-section of the aorta was
mapped so that spectra from both centre-stream and
cff-centre locations were recorded using the 10 MHz PDUVM.
This pattern of recording provided a grid of velocity
waveforms. An example of such a grid recorded 3 cm
downstream of a 42 percent diameter reducing stenosis in a
dog common carotid artery is shown in figure 11. The
distance between grid points, and therefore the gample
volume increment, was 1.0 mm in the horizontal direction and
1.2 mm along the ultrasonic axis. The method of reccrding,
playback, and sampling of the PDUVM output was the same as
in the pulsatile post-stenotic experiments with the
exception that the dog EKG was used instead of the control
unit sync output.

To describe the velocity field more clearly velocities
occurring at the same point in the pulse cycle were placed
in a software array and an algorithm which developed a three
dimensional cross-sectional velocity profile was applied. An
example occurring 250 msec. after the EKG R wave for the

same artery as in figure 11 is presented in figure 12. An
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figure 11. A grid of velocity waveforms developed from mode
frequencies at 0.5 cm intervals 3 cm downstream of a 42

percent diameter reducing stenosis on a dog common carotid

artery.
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#igure 12. A three-dimensional velocity profile from 3 cm
downstream of a 42 percent diameter reducing stenosis
deveioped from the velocities 250 msec after the R wave of a
grid of waveforms across the cross~section ¢f a dog common
carotid artery. The plane represents zero velocity:
velocities below the plane are negative and above are

positive.
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asymmetric zone of recircuiation typical of the
post-stenotic velocity field is indicated by the negative
velocities seen beneath the zero velocity plane. Another
algorithm was applied to the array of velocities to develop
corresponding aortic cross-sectional velocity contours. The
algorithm asked for the number of contours (usually five toc
six) and constructed these by linear interpclation between
the points of the velocity array. The maximum and minimum
contour velocities were also input to the algorithm to
determine the limits of interpolation. Velocity contours
derived from the cross-sectional velocity profile of figure
12 are shown in figure 13. The asymmetric flow recirculatior
zone is clearly shown by the negative velocity contours in
the right ventral (lower) region of the artery
cross-section. In the diagrams of cross~-sectional velocity
contours a representative velocity waveform from the centre
of the grid'is plotted to indicate the timing of the
displayed contours. In figure 13 this waveform has no
negative component, while in figure 34 (results section)
there is a negative component. This is because the transient
zone of flow reversal encroaches on the mid-line in figure

34 but does not in figure 13.

Measurement of Turbulence
Spectral mode contours at the 8 dB level were ploited
in conjunction with each velocity waveform to provide a

measure of spectral width, but have not been reproduced here
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as\scvil

Figure 13. Cross-sectional velocity contours at 250 msec
after the R wave (indicated by the arrow below the velecity
waveform to the right} from 3 cm downstream of a 42 percent
diameter reducing stenasis on a dog common carotid ar<ery.
Contour velocities are (1) =-21.7, (2) -1.0, (3) 19.7, (4)
40.4, (5) 61.1, (6) 81.9 cm/sec. L: left, R: right, P:

posterior (dorsal).
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since no increased spectral broadening was apparent.

Experimental Protocol

Velocity contours were recorded in the above manner in
8 anaesthetized dogs 0.5 cm. downstream of the cranial
mesenteric artery, in 6 dogs 0.5 cm. downstream of the left
renzl artery, and at a small number of cther abdominal
locations. Anaesthesia was induced using infravenous sodium
pentobarbital (35 mg/kg) and maintained with halothane. All
dogs were female and weighed between 15 and 35 kilograms. A
respirator {Harvard Apparatus no. 607) controlled the rate
and depth of respiration such that intermittent one minute
periods of apnea were unaccompanied by changes in pulse
rate, blood pressure, or local blood flow. Doprler
recordings were made during the apneic periods wher there
was no movement of the PDUVM probe due to respiratory
excursions. The abdominal aorta was exposed through a
midline laparotomy. In experiments involving tre cranial
mesenteric artery the diaphragm was incised to allow full
exposure of the celiac and mesenteric arteries. A Nycotron
electromagnetic flow probe was applied to the abdominal
aorta downstream of ¢he branches ofvinterést ard the
intervening branches were ligated. Smaller Nycotron probes
were also ziplied to the branches of interest to monitor the
flow through them. Pulse rate, arterial blood pressure, and
the above flov rates were recorded throughout the

experimental period on a 4 channel dynograph (Beckman). Each
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experiment was terminated by intravenous administration of
potassium chloride. At that time a length of aorta
containing the branches of interest was excised. A silicone
rubber cast of the segment was made while its length and
pressure were maintained at their in vivo values. Arterial
dimensions were estimated from this cast using vernier

calipers.

F. BRANCHED AORTIC FLOW IN VITRO

The silicone rubber cast of in vivo dog experiment 74
was used to make a flow-through acrylic mold of the aorta in
the vicinity of the left and right renal artery branches.
This particular cast was chosen because ¢f the vwide axial
separation (1.8 cm) between the origins ¢f the renal
arteries which resulted in significant flow reversal in
vivo. The rubber cast was suspended in a tube filled with
unhardened acrylic resin, After the acrylic resin had
hardened, the cast was pulled out of it, leaving a
flow-through-mold with the exact in vivo lumenal geometry.
The ventral hemispheric surface of the mold inmediately
downstream of the right renal artery was machined down until
the vwall was thin enough (approximately cne mm) to conduct
pulsed ultrasound with minimum refractior.. The left and
right renal artery branches were also isclated by machining
to facilitate fitting them with outflow tubing. The flow
through mold was then inserted into the previously described

pulsatile circuit and surrounded with a water bath to allow
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ultrasound coupling between the PDUVM transducer and the in
vitro flow field. A photograph of the branch model and the
cast from which it was derived is given in figure 14. In
preparation for pulsed Doppler sampling the pulsatile
circuit was filled with a fresh batch of fluid having the
same composition as that used ‘n the pulsatile post-stenotic
experiments.

Initially, steady flow experiments were carried out by
deactivating the pulsatile unit. Aortic flow wa: vecorded
with an electromagnetic flowmeter calibrated ir =i+ same way
as the pulsatile post-stenotic experiments abovws. ienal
pranch flow was measured by timed collection into a
graduated cylinder. Aortic flow was set at 1197 ml per
minute with a screw claump, left renal flow was set at zero
ml per minute with a screw clamp, and right renal branch
flow was varied from zero to 56 percent of aortic flow with
the aid of screw clamps and outflow tubing of different
diameters. The right branch flow was returned to the model
circuit via the downstream reservoir. For each right branch
flow rate the !0 MHz PDUVM was used to record a grid of
velocity waveforms 0.5 cm downstream of the right renal
branch by the same methods used in the in vivo experiments.

To achieve pulsatile flow the cam-based pulsatile unit
of .the post-stenotic experiments was activated and set at a
frequency of 105 beats per minute. Mean aortic flow was
maintained between 327 and 406 ml per minute, peak sortic

flow was maintained between 1197 and 1217 ml per minute, and
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Figure 14. Photograph of the ventral surface of the acrylic
branch model {below ruler) used in the in vitro branch
experiments. Also shown is tke ventral surface of the
silicone rubber cast (above ruler) from which the acrylic
model was made. The caudal ends of the aortae are situated

on the righthand side of the photograph.
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left renal branch flow was kept at zero ml per minute. Right
renal branch flow was then varied from zero to 48 percent of
mean aortic flow. At each right branch flow rate the 10 MHz
PDUVM was used to record a grid of velocity waveforms at the
same axial location as in the steady brarnch experiments. As
was done in the pulsatile post-stenotic experiments, the

sync signal from the pulsatile unit was recorded for the

purpose of triggering the computer sampling of the recorded

PDUVM signal once every pulse cycle.



I11. RESULTS

A. SAMPLE VOLUMES

The variation of the two PDUVM mean sample volume
diameters with range gate setting is depicted in figure 15.
The 20/ MHz PDUVM sample volume mean diameter clearly
increased with increasing range gate position while the 10
MHz PDUVM mean diameter decreased in the same direction.
Because of these opposing trends the difference in mean
diameters was greatest at the nearest ranges (2.5 mm - 20
MHz, 2.8 mm - 10 MHz) and least at ranges of 7.3 mm (20 MHz)
and 7.5 mm (10 MHz). An explanation of the differing
behaviours of the 20 and 10 MHz PDUVM sample volume
diameters with range gate position will be given in the
discussion section of this thesis. The 20 MHz PDUVM overall
mean sample volume length along the ultrasonic axis was 0.69
mm and the overall mean diameter was 0.97 mm. The 10 MHz
PDUVM overall mean sample volume length along the ultrasonic
axis was 0.93 mm and its overall mean diameter was 1.09 mm,
Thus the 20 MHz PDUVM had a smaller sample volume than the
10 MHz PDUVM.

B. VELOCITY PROFILES: LAMINAR AND POST-STENOTIC FLOW

Steady Laminar Flow

72
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Figure 15. The variation in PDUVM sample volume mean
diameter with range gate position. The bars indicate
standard errors of the mean at each point. 20 MHz PDUVM -

diamond, n = 14 at each point. 10 MHz PDUVM - triangle, n =

10 at each point.
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20 MHz PDUVM

Figure 16 is a composite diagram showing 20 MHz
PDUVM spectra, recorded from the model under conditions
of steady laminar flow at a Reynolds number of 686,
superimposed on a frequency profile, i.e. a mode
frequency versus radial position plot. The plotted
increase in mode frequency towards centrestream is
represeri.ed by a shift of the spectra to higher
freguencies. At each laminar flow Reynolds number
velitcity profiles were computed from the corresponding
20 Midz PDUVM-measured frequency profiles (such as that
in figure 16) using equation (5). Figure 17 depicts the
velocity profiles obtained when the spectral mode was
used as the Doppler shift frequency in the equation.
Each PDUVM profile is accompanied by the theoretical
velocity profile for the same Reynolds number. Figure 18
presents velocity profiles calculated with the spectral
mean as the representative Doppler frequency, and
compares them with the corresponding theoretical
profiles, as in figure 17. The spectral mean profiles
were clearly smoother than the mode profiles, the latter
being particularly noisy in the distal (right) half of
the tube. Both mode and mean-based velocity profiles
were similar in three respects. First, the profiles were
all generally parabolic in shape, as would be expected
in steady laminar flow. Second, the tube diameters,

determined from the intercepts of the Doppler profiles
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Figure 16. 20 MHz PDUVM mode frequency profile across the
unstenosed tube at a steady f£low Reynolds number of 686. The
spectra from which each mede freguency was derived are
superimposed. For each spectrum the ordinate is relative
amplitude, normalized to each maximum. The abscissa is
frequency in kHz, with a 20 kX¥z maximum. The offset
frequency of 6 kHz (zero velocity) is indicated by an arrow

on each spectrum.
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Figure 17. Steady flow velocity profiles recorded with the

20 MHz PDUVM and based on the spectral mode. Re — Reynolds

number. TH - theoretical velocity profile.
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Figure 18. Steady flow vélocity profiles recorded with the
20 MHz PDUVM and based on the spectral mean. Re - Reynolds

number. TH - theoretical velocity profile.

LY



78

along the radial position axis, consistently exceeded
the real tube diameter, determined from the intercepts
of the theoretical velocity profile. Third, the maximum
Doppler velocity consistently underestimated the
theoretical maximum. The latter observation is
quantified for the spectral mean-based velocity profiles
in table 2. The Doppler maximum velocities were obtained
by fitting all 15 points of the velociiy profile to a
second order curve symmetric about the velocity axis and
extracting the velocity intercept of the regression
equation. The theoretical velocities were obtained from
the measgred tube flow and diameter as described in the
methods section (equation (4)). As shown in the table
the 20 MHz Doppler measured velocity maximum
underestimated the theoretical velocity maximum by 7.2
to 10.7 percent. This is due to the fact that the single
frequency PDUVM profile is a distorted 'image' formed by
the space convolution of the PDUVM sample volume with
the true velocity profile (Jorgensen et al., 1973). To
obtain the true velocity profile, the the Doppler
profile must be deconvolved using the measured sample
volume characteristic (Garbini, 1973; Jorgensen and
Garbini, 1974).

The deconvolution procedure is not straightforward,
and it was decided not to pursue it in this thesis.
Instead, a simpler correction procedure was employed. At

centrestream, underestimation of the peak velocity will



20 MHZ PDUVM: Spectral Mean

Theoreticaij PDUVM | Percent }
Vmax Vmax Deviation
(cm/sec) j(cm/sec)}
462Hr 47.8
686 72.3
848 89.3
1142 120.3 111.1 l 7.6

Table 2. Comparison of theoretical and 20 MHz

79

PDUVM-measured maximum velocities (Vmax) at the four steady

flow Reynolds numbers (Re). PDUVM velocities were calculated

from the spectral mean.
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occur when the PDUVM spectral moGe or mean is used in
the Doppler equation because neither of these
frequencies estimates the highest velocity in the samplé
volume. A better estimate of the peak velocity is
obtained with the maximum frequency. Possible spectral
maximums include the frequency 8 dB above the mode or
the freqguency one standard deviation above the spectral
mean. Use of a spectral maximum at all points in the
veldcity profile will shift the radial location of the
points closer to centrestream due to the positive
velocity gradient between the tube walls and
centrestream. Furthermore, the two sample volumes
adjacent to the centrestream sample volume contain the
same spectral maximum as that in the centre, due to
overlap (figure 19). By removing the two centre-adjzcent
points the Doppler velocity prefile diameter is reduiced,
no velocity information is lost, and the éhift in redial
location of the spectral maximum points is incorporated
into the velocity profile. This convolution cérrection
procedure was carried out using the mode- and
mean-related spectral maximums described above, and the
resulting velocity profiles are presented in figure 20
for a Reynolds number of 686 along with the
corresponding theoretical profiles. Both of the
experimental profiles resemble the theoretical profile
more closely than the mode- or mean-based PDUVM

profiles. The spectral maximum profile based on the mean



VEL. PROF.,

Figure 19. 1Illustration of the rutionale for subtracting
near centrestream velocity profile points. Sample volumes
one (SV1) and three (SV3) contain the maximum velocity
(VMAX) due to overlap with sample volume two (SV2). VEL,

PROF. - velocity profile.

81
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Figure 20. Comparison of 20 MHz PDUVM spectral maximum
velocity profiles based on the mean plus one standard
deviation (a) and the upper contour frequency (b) with the
theoretical profile (TH) for steady laminar flow at a
Reynolds number of 686. SMAX1 - spectral maximum profile
based on the sum of the mean and one standard deviation.
SMAX2 - spectral maximum profile based on upper contour (8

dB above mode).
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plus one standerd deviation has a peak velocity
particularly close to the theoretical peak velocity. A
quantitative comparison of the theoretical peak
velocities and 20 MHz PDUVM mean plus one standard
deviation spectral maximum peak velocities is given in
table 3. The agreement is within 1.5 percent or less, a
considerable improvement on the Doppler maximum

velocities presented in table 2.

10 MHz PDUVM .

The 10 MHz PDUVM was used to record velocity
profiles under the same laminar flow conditions as were
used with the 20 MHz PDUVM. Figure 21 depicts the 10 MHz
velocity profiles obtained when the spectral mode was
used as the representative frequency in the Doppler
equation. Figure 22 presents 10 MHz velocity profiles
calculated with the spectral mean as the representative
Doppler frequency. In contrast to the results obtained

with the 20 MHz PDUVM the 10 MHz spectral mean profiles
.}were not appreciably'smoother than the specﬁral mode
profiles. In common with the 20 MHz profiles the 10 Miz
mode and mean velocity profiles were generally parabolic
in shape, overestimated the real tube diameters, and
consistently underestimated the theoretical maximum
velocity. Table 4 shbws that the velocity
underestimation using the 10 MHz spectral mean was
substantially greater than that obtained with the 20 MHz

PDUVM, ranging from 11.1 to 15.6 percent deviation.
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20 MHZ PDUVM: Spectral Maximum

Theoretical PUV i Perce
Vmax Vmax §Deviation
(cm/sec) J(cm/sec)]

47.8

47.1

Table 3. Comparison of theoretical and 20 MHzZ
PDUVM-measured maximum velocities (Vmax) at the four steady
flow Reynolds numbers (Re). The PDUVM velocities were

calculated from the mean plus one standard deviation.
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Figure 21, Steady flow velocity profiles recorded with the
{o MHz PDUVM and based on the spectral mode. For each
Reynold:s u-izkrer (Re) the PDUVM profile is compared with the
theoretizal profile (TH) for the same flow and tuke

diameter.
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Figure 22. Steady flow velocity profiles recorded with the
10 MHz PDUVM and based on the spectral mean. For each
Reynolds riumber (Re) the PDUVM profile is compared with the

theoretical profile (TH) for the same flow and tube

diameter.
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Theoretical PDUVM Percent
Re Vmax Vmax Deviation
(ecm/sec ) ( cm/sec )
462 47.8 425 11
686 72.3 610 15.6
g48 | 803 76.3 146
1142 120.3 105.1 12.6
| Table 4. Comparison of theoretical and 10 MHz

PDUVM-measured maximum velocities (Vmax) at the four steady

flow Reynolds numbers (Re). PDUVM velocities were calculated

from the spectral mean.
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Analoogvus to the treatment of the 20 MHz data, the
maximum Doppler velocities presented in table 4 were
obtained from a second order regression of the 10 MHz
PDUVM velocity profile points.

The convolution phenomenon was again apparent in
the differences between the theoretical and 10 MHz
PDUVM-measured velocity profiles. Likewise, the same
convolution correction procedure used on the 20 MHz data
was applied to the 10 MHz data. Results of the
convolution correction procedure on the 10 MHz data
using the same spectral maxima as were used with the 20
MHz data for a Reynolds number of 686 are shown in
figure 23, As was observed in the analogous 20 MHz data,
both profiies more closely followed the theoretical
curve than the corresponding PDUVM profiles based on the
spectral mode and mean. Table 5 shows the increased
agreement between the 10 MHz spectral maximum (mean plus
one standard deviation) peék velocity obtained by second
order regression and the theor=tical peak velocity at
all four Reynolds numbers. The agreement was not as
strong as that of the corresponding 20 MHz data (table
3).

Post~stenotic Flow with Steady Flow Upstream
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Figure 23. Compérison of 10 MHz PDUVM spectral maximum
velocity profiles based on the mean plus one standard
deviation (a) and the upper contour frequency (b) with the
theoretical'velocity profile (TH) for steady laminar flow at
a Reynolds number of 686. SMAX1 - spectral maximum profile
based on the sum of the mean and one standard deviation.
SMAX2 - spectre . maximum profile based on upper contour (8

dB above mode).
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Theoretical PDUVM Percent
Re Vmax Vmax Deviation
(cm/sec ) (cm/sec)
462 47.8 47.6 0.4
686 723 68.2 57
848 89.3 84.6 5.3
1142 120.3 115.6 3.9
Table 5. Comparison of theoretical and 10 MHz

PDUVM-measured maximum velocities (Vmax) at the four steady

flow Reynolds numbers (Re). The PDUVM velocities were

calculated from the mean plus one standard deviation.



91

Profiles Immediately Downstream: Comparison with Flow
Visualization

Figure 24 isAa close~-up photograph of the test
section immediately downstream of the 2.9 mm stenosis.
It shows the direction of 20 MHz PDUVM sampling of the
velocity field in the three experiments involving this
stenosis as well as the six other post-stenotic
experiments. Sampling sites across the tube diameter
were separated by 0.5 mm as measured by the
micromanipulator holding the PDUVM probe. Figure 25
illustrates a nine point velocity profile recorded 0.4
cm downstream of the 2.9 mm stenosis. The post-stenotic
tube diameter was 5.5 mm and the flow rate was 4.56
ml/sec. For comparative purposes the theoretical
velocity profile for unstenosed flow at the same
Reynolds number (384) is superimposed on the
post-stenotic velocity profile. The post-stenotic
ptofile'clearly contrasted with the laminar flow
profile. The centrestream PDUVM velocities of the former
were high in the forward direction while towards the
tube walls velocities were much lower. Along one wall
(-2.0 mm in figure 25) the velocity was low in the
forward direction (labelled point v1 in figure 25).
Along the opposite wall (+2.0 mm) the velocity was iow
in the reverse direction since point v9 lies below the

zero velocity axis.



Figure 24. Test section close-up showing the 20 MHz PDUVM
probe, a 2.9 mm stenosis diameter (SD), and 5.5 mm
post-stenotic dialysis tubing diameter (PSD). The PDUVM

- probe was moved across the post-stenotic diameter in
increments of 0.5 mm in the direction indicated by the
arrow. The ruler divisions are in mm, Thus the distance

between the points marked "14" and "15" is one cm.

92
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Figure 25. Nine point.velocity profile recorded 0.4 cm
downstream of the 2.9 mm stenosis (PS) at a Reynolds number
of 384. Superimposed for comparison is the theoretical

velocity profile (TH) for unstenosed flow at the same

Reynolds number.
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Figure 26 presents two successive frames of the
cinecamera record of the same post-stenotic velocity
field reported in figure 25. The light-reflecting
particles emerging from the sten~is at centrestream
were streaked, indicating high velocities. Thus a
central post- stenotic jet was demonstrated by flow
visualization. On either side of the jet the particles
were spherical in shape, indicating low velocity,
separated flow. The direction of both the fast and slow
moving particles in the post-stenotic velocity field was
determined by observing and recording their movements
between cinefilm frames with a stop-frame projector.
Figure 27 shows the type of analysis performed. It is a
scaled diagram of figure 26 with position vectors drawn
to salient particles across the tube diameter. The
magnitude and direction of particle displacement was
obtained by subtracting the position vectors
corresponding to the first frame (figure 27(a)) from the
vectors corresponding to the second frame (figure
27(b)).

The results of this analysis are illustrated in
figure 28. Three different displécement vectors define
three distinct post-stenotic flow regimes. There is a
central region of particles with large forward
displacements (the jet), and two peripheral regions
(zones of flow separation) with small displacements; one

in- the forward direction and one in the reverse
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Figure 26. Two successive frames of the cinecamera record
of the poét-stenotic flow field of figure 25. Upstr=2am and
downstream ends of the illuminated test section are
indicated by UP and DOWN, respectively. Also indicated is

the downstream stenosis edge.
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Figure 27. Scaled diagram of figure 26 with position
vectors drawn to salient particles in the velocity field.
Vectors u and w point to particles near to the tube walls on
oppositte sides of centrestream. Vector v points tc¢ a
centrestream particle. Coefficient 2 denotes position
vectors occurring 5 msec. after vectors labelled with

coefficient 1,
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Figure 28. Three distinct post—~stenotic flcw regin#s
identified by the flow visualization technique for the
conditions of fiqure 25. The displacement vectors Au, Av,
and Aw show the magnitude and direction of particle
movements in each regime over the 5 msec. interval of
figures 26 and 27. Also shown are the sample volume
positions, S1 through S9, corresponding to the velocity

profile of figure 25.
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direction. Both zones of flow separation exhibited fluid
recirculation which in twoé dimensional flow would result
in reverse velocities along both walls. The observed low
forward velocities along one wall probably were due to
three~-dimensional helical recirculation in which
backward moving particles spiralled back on themselves
in the forward direction. Thus a velocity profile with a
low forward shoulder along one wall was still indicative
of recirculation at that location. This asymmetric
pattern of flow was typical of that observed in other
experiments (five) where the Reynolds number was
relatively low and the stenosis relatively wide. With
higher flows and tighter stenoses both peripheral zones
had slow, backward moving particles (three experiments).
From the sample volume positions marked in figure 28 it
can be seen that there is correspondance between the
direction of flow regime motion determined by flow
visualization and the direction recorded with the PDUVM
(figure 25). In figure 25, for example, velocity v9 at
the ninth sample volume position is in the reverse
direction. The visuvalized flow regime direction at the
corresponding site (S9) in figure 28 is also reverse.
This correspondance between visualized flow regime
direction and PDUVM velocity direction was absolute in
the nine post stenotic experiments. Since the time
interval between cinefilm frames was known from the

frame speed, it was possible to calculate the magnitudes



99

of the visualized particle velocities by dividing the
displacement vector lengths by the frame to frame time
interval.

The correlation between the PDUVM and visualized
velocities was then determined for the three flow
regimes as shown in figure 29. The peripheral flow
separation regions are respectively denoted '-ve wall'
for the region with reverse particle motion and '+ve
wall' for the region with forward particle motion. There
was a significant co:rrelation between PDUVM and
visualized velocitj magnitudes for fhe jet flow regime
(r = 0.97) but not the two regimes near the tube wall (r
= 0,54, r = 0;46). As explained previously, there were
six post-stenotic experiments with reverse motion along
one wall and forward motion along the other wall, as
well as three experiments with reverse motion along both
walls. Thus 'n' for the '+ve wall' region was six and

for the '-ve wall' region it was twelve.

Pattern of Axial Variation

Figure 30 shows a seguence of steady flow velocity
profiles recorded at successively distal axial locations
dawﬁstream of the 2.9 mm stenosis. The post-stenotic
Reynolds number was 921. At each of the seven axial
locations the profiles are plotted with respect to a
horizontally drawn zero velocity axis, with positive (in
the direction of upstream flow) velocities plotted above

the zero axis. Thus at axial position one (0.6 cm
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Figure 30. Plots of steady flow velocity profiles recorded
with the 20 MHz PDUVM at seven axial locations downstream of
the 2,9 mm model stenosis. The post-stenotic Reynolds number
was 921 and each profile is plotted with respect to a
horizontal zero velocity axis. Positive (in the direction of
upstream flow) velocities lie above the zero velocity axis
and negative velocities below. Axial positions are, in cm
downstream of the stenosis: 1: 0.6; 2: 1.8; 3: 2.8; 4: 3.8;
5: 4.6; 6: 7.5; 7: 14.0. '
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downstream) there is a region of low magnitude, reverse
direction velocity towards the right (-2.5 mm) wall. At
the same .axial location there is a shoulder of low
forward velocities along the opposite wall (+2.5 mm),
and the centrestream velocities are high in the forward
direction. Thus a post-stenotic jet with peripheral flow
separation zones is observed immediately downstream of
the stenosis as was illustrated in fiqure 25, Similar
velocity profiles may be seen at axial positions two and
three (1.8 and 2.8 cm duwnstream, respectively) although
there is a trend toward reduction in jet velocity and
the separation zone velocities show some variation. At
axial bosition four (3.8 cm downstream) the velocity
varies erratically across the tube diameter, suggesting
disturbed flow and jet breakup. This was confirmed by
examination of the corresponding flow visualization
record (not shown) which revealed a random distribution
of spherical particles instead of the orderly axial
streaking associated with laminaf flow. The velocity
profiles at axial positions five and six (4.6 and 7.5 cm
cdlownstream) are less erratic than that at axial position
four, suggesting a dampening of the flow disturbance.
Far (!4 cm) downstream of the stenosis at axial position
seven the velocity profile is nearly parabolic,
suggesting recovery to laminar flow.

The axial velocity profile patterns of different

steady flow post-stenotic experiments compared with the
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experiment of figure 30 as follows. Downstream of the
same stenosis at lower flow rates the jet velocities
were lower, jet breakup occurred at the same axial
location (3.8 cm downstream), and jet breakup was less
intense (the velocity profiles were less erratic). Also,
recovery to laminar flow occurred somewhat more
proximally; 11.8 cm downstream at a post-stenotic
Reynolds number of 635, and 12.0 cm downstream at a
Reynolds number of 371. Downstream of the tighter (1.9
mm) stenosis at a similar floﬁ rate to that of figure 30
the jet velocities were higher, jet breakup occurred
more proximally (2.6 cm downstream), and the breakup was
more intense (the velocity profile wés more errafic).
Downstream of the wider (4.0 mm) stenosis at a similar
flow rate to that of figure 30 the jet velocities were
lower, jet breakup occurred more distally (4.6 cm
downstream), and the breakup was less intense (the
velocity profile was less erratic). It was not possible
to compare the sites of recovery to laminar flow of the
different stenosis grades since velocity profiles were
not always recorded far enough downstream of the
stenoses,

The axial pattern of post-stenotic jet, jet
breakup, and recovery to laminar flow demonstrated by
the velocity profiles presented here is also
demonstrated by the variation in post stenotic midline

spectral width in a latc. section of this thesis (see
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'Factors Affecting PDUVM Spectral Width').

Post~-stenotic Flow with Pulsatile Flow Upstream

20 MHz PDUVM velocity profiles were recorded downstream
of the model stenoses over a wide range of pulsatile flow
conditions (see methods). The pattern of axial variation,
illustrated in figure 31, was similar throughout. The data
in figure 31 were obtained frc:i: an experiment where the
pulse frequency was 3 Hz, the pulsatility index was (.93,
the mean post stenotic Reynolds number was 324, and the
stenosis was 2.9 mm in diameter. At all illustrated times in
the pulse cycle the velocities are highest at the first two
axial positions (0.6 and 1.6 cm downstream) and are
concentrated at centrestream, suggesting jet flow.
Centrestream velocities, however, vary throughout the cycle
and are at a minimum in panel A, increase in panel B, reach
peaks in panels C and D, and progressively decline in panels
E and F. On either side of the peak at these two axial
positions there are low velocity shoulders indicating flow
recirculation. This interpretation is supported by the flow
visualization data in figures 51 and 52. The flow
visualization patterns at these two axial locations show a
central jet and peripheral zones of flow separation
throughout the cycle. A variation in velocity with time in
the pulse cycle similar to that indicated by the velocity
profiles is demonstrated by variation in visualized streak

lengths.
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Figure 31. Plots of pulsatile flow veldcity profiles at

seven axial locations downstream of the 2.9 mm model

stenosis recorded with the 20 MHz PDUVM at six different

times in the pulse cycle. The pulse frequency was 3.Hz, the

pulsatility index was 0,93, and the mean post-stenotic

Reynolds number was 324. Axial positions are,.in cm

downstream of the stenosis, t: 0.6, 2:
5: 4.1, 6: 5.1, 7: 14.8. Times are, in
pu:lge, A: O, B: 50, C: 100, D: 150, E:

1.6, 3: 2.6, 4: 3.6,
msec after the sync

200, F: 250.
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The velocity profiles at axial positions three and four
(2.6 and 3.6 cm downstream) show sharp velocity fluctuations
across the tube diameter, suggesting disturbed flow due to
jet breakup throughout most of the pulse cycle. The
corresponding flow visualization patterhs (figures 53 and
54) exhibit random distributions of tracer particles across
the post-stenotic tube. At one time in the pulse cycle,
panel B in figure 31, flow does not appear to be disturbed
at these axial locations (three and four) since the velocity
profiles are smooth. This is the acceleration phase of the
cycle, and the acceleration tends to stabilize the velocity
field.

Far (14.8 cm) downstream of the stenosis at axial
position seven, the velocity profiles in all panels of
figure 31 are smooth across the tube diameter, suggesting
laminar flow. The presence of laminar flow is supported by
the flow visualization data of figure 55, where the particle
patterns are orderly and show axial streaking. Thus, '
although the centrestneam.velocities fluctuated in time, the
géneral post-stenotic flow patterns or regimes indicated by
the velocity profiles in pulsatile flow were similar to
those seen in steady flow. These flow regimes were, in
summary, a jet with lateral zones of flow separation
observed immediately downstream, followed by disturbed flow
distal to the jet and by eventual recovery to laminar flow

far downstream.,
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There is an apparent variation in the tube diameter
indicated in figure 31. This occurs in part due to
stretching of the soft dialysis tubing over the slightly
wider outer wall of the stenosis. Thus the tube diameter is
greater immediately (0.6 cm) downstream of where it is
stretched over the scrylic stenosis than further downstream.
At intermediate locations the increased flow velocity due to
the jet results in a r=duction in lateral pressure, thus
decreasing the diameter to which the dialysis tubing is
distended. Far downstream of the stenosis (axial position 7,
14.8 cm down) flow velocity has decreased due to jet
dissipation. Consequently the lateral pressure is increased
along with the diameter to which the dialysis tubing is
distended.

There is also apparent asymmetry in the post-stenotic
velocity profiles of figure 31. The asymmetry is most
prominent in the post-stenotic jét, the profile tending to
peak to the left of centreline. Although the stenosis itself
was symmetric, it was very difficult to maintain the
connection between the rigid stenosis and soft dialysis
tubing perfectly symmetric. Indeed, effort was made only to
make the connection roughly symmetric. It is thus probable
that the observed velocity profile asymmetry was due to
small deviations in the post-stenotic geometry influencing

the velocity field.
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Cross-sectional Profiles: Velocity Contours

The concept of a velocity contour was introduced in the
chapter on materials and methods (see figures 11 to 13
there). It is briefly reviewed here to provide continuity
between this section and the following one which presents
velocity contour results from the dog aorta. Briefly, a
velocity contour is a record of the velocity information
from across the entire cross section of the vessel under
study. This involves recording a grid of velocity points
instead of recording a set of points along a single diameter
as is done for a velocity profile. Figure 32 presents
velocity contours obtained three cm downstream of a 42
percent diameter reducing stenosis in a dog common carotid
artery at four different times in the pulse cycle. The
centrestream contour velocities increase with pulse
acceleration and decrease with deceleration. A consistent
zone of reverse velocities in the right ventral quadrant of
the artery is present throughout the pulse cycle. It is
important to note that the contours do not necessarily
represent the exact velocities measured with the PDUVM but
are rather calculated from an interpolation of the points of

the actual velocity grid recorded.

C. VELOCITY CONTOURS AT AORTIC BRANCHES
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Figure 32. Cross-sectional velocity contours at 150, 250,
350, and 450 msec after the EKG R wave (indicated by -:he
arrow below the velocity waveform at centre) three cm
downstream of a 42 percent diaméter reducing stenosis on a
dog common carotid artery. Contour velocities are (1) -22.7,
(2) -1.0, (3) 20.7, (4) 42.5, (5) 64.2, (6) 85.9 cm/sec. L:
Left, R: Right, P: Posterior (dorsal).



Anaesthetized Dog Studies

Post Cranial Mesenteric Aortic Velocity Field
Croés-sectional velocity contours at 0.5 ¢w
downstream of the cranial mesenteric artery of dog
number 80 are presented in figures 33 and 34. Velocities
vere sampled at the peak of the pulse cycle (systole,
figure 33) and at the post-systolic minimum (figure 34).
In the aorta above the celiac artery mean flow was 266
ml/min and mean Reynolds number 136; peak values were
968 ml/min and 723 respectively. Flow divided 32 percent
to the celiac and 26 percent to the mesenteric artery.
The mesenteric artery had a cross-sectional area 15
percent of the aortic area. Aortic diameter at the
measurement site was 0.93 cm. There is asymmetry in both
sets of contours along a diameter from the right ventral
to the left dorsal aspect of the artery. At peak systole
there is a high velocity gradient at the right ventral
aspect and a low velocity gradient at the left dorsal
aspect. There are, however, no reverse velocities along
this diameter. At the post-systolic minimum there is a
zone of reverse velocitieé centered at the left dorsal
aspect and a zone of forward Qelocities at the right
Qentral aspect of the aorta. In the six other aortae
studied at tﬁis branch similar asymmetry was present at
the post-systolic minimum of the cycle with all but one
showing defined zones of both forward and reverse

velocities. As in the typical experiment shown in
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Figure 33. Cross-sectional aortic velocity contours at 250
msec after the EKG R wave (indicated by the arrow below the
centrestream velocity waveform to the right) 0.5 cm
downstream of the cranial mesenteric artery origin., Contour
velocities are (1) -1.0, (2) 4.3, (3) 9.5, (4} 14.8, (5)
20.0, (6) 25.3 cm/sec. L: left, R: right, P: posterior
(dorsal). The circular frame is broken to indicate the
circumferential location and size of the origin of the

upstream branch.
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Figure 34. Cross-sectional aortic velocity contours at 350
msec after the EKG R wave (indicated by the arrow below the
centrestream velocity waveform to the right) 0.5 cm
downstream of the cranial mesenteric artery origin. Contour
velocities are (1) -8.5, (2) -4.8, (3) -t.0, (4) 2.8, (5)
6,7, (6) 10.5 cm/sec. L: left, R: right, P: posterior.
(dorsal). The circular frame is broken to indicate the
circumferential location and size of the origin of the

upstream branch.
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figures 33 and 34, the reverse velocities were centered
opposite and the forward velocities were adjacent to the
origin of the branch. Asymmetry at the peak of the cycle
was present in only four of the other experiments and in
none of them was there a defined zone of reverse
velocities at this phase of the cycle. This indicates a
zone of transient recirculation rathe:r than a zone of
recirculation which persists throughout most of the
pulse cycle as found in the post-stenotic velocity
field. In one experiment in which relative mesenteric
flow was increased from 26 to 30 percent by shunting.the
mesenteric artery to the femoral vein there was an
increase in the extent and amplitude of the reverse
velocities but there was no marked change in the portion
of the cycle occupied by them. Occlusion of the cranial -
mesenteric arﬁery in one experiment resulted in loss of
asymmetry at both peak systole and the post-systolic

minimum.

Post Left Renai Aortic Velocity Field

Similar asymmetry of the aortic velocity field to
that found downstream of the cranial mesenteric artery
was also found 0.5 cm downstream of the left renal
artery in five out of six experiments. In the five
experiments there was asymmetry at both the peak
systolic and post-systolic phases of the cycle. But, as
was the case downstream of the mesenteric artery,

reverse velocities were present only during the
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post-systolic phase. The recirculation is transient and
is not present during the systolic part of the cycle.
The pattern here is therefore similar to that in the
post cranial mesenteric velocity field and again
contrasts with that found in the post-stenotic velocity
field. The expectation that the asymmetry was localized
to the region of the branch was confirmed in one
experiment. In this experiment the velocity field was
explored 3 cm downstream in addition to 0.5 cm
downstream of the left renal artery. A symmetrical
velocity field was found at the former location. As
referred to above, in one of the six experiments there
was no asymmetry. The lack of asymmetry in this
experiment may be due to tlhe fact that in this dog there
was no axial separation between the origins of the right
and left renal arteries. In this set of experiments
relative flow in the left renal artery varied between
individual experiments from 9 to 64 percent and peak
aortic Reynolds number varied from 154 to 657.

Aortic velocity contours from 0.5 cm downstream of
the left renal artery fypical_éf the five experiments
Showing asymmetry are shown in figure 35. In this
experiment mean aortic blqod flow upstream of the renal
arteries was 551 ml/min and Reynolds number was 287.
Flow divided 27 percent to the right and 28 percent to
the left renal artery. The cross sectional area of the

right renal artery was 21 percent of the aorta while the
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Figure 35. Cross-sectional aortic velocity contours at 334
msec after the EKG R wave (indicated by the arrow below the
centrestream velocity waveform to the right) 0.5 cm
downstream of the left renal artery origin. Contour
velocities are (1) -6.8, (2) -4.8, (3) -2.9, (4) -1.0, (5)
0.9, (6) 2.8 cm/sec. L: left, R: right, P: posterior
(dorsal). The circular frame is broken to indicate the

circumferential location and size of the origin of the

upstream branch.
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left was 24 percent. The aortic diameter at the
measurement site was 0.91 cm. The forward velocities are
grouped in the left ventral region of the cross section
with the reverse velocities extending over the rest of
the cross-section. The situation is therefore similar to
that found downstream of the mesenteric artery in that
peak forward shear is adjacent to the origin of the
branch while the low and reverse shears are situated
towards the aortic wall opposite the branch origin. As
in the mesenteric study reverse velocities were only
found in the post-systolic phase of the cycle so that
recirculation wus transient. In the animals studied, the
origin of the renal arteries from the aorta waé ventral
wita the left origin usually more ventrally situated
than the right one. In this particular preparation
because the axial separation of the origins of the two
renal arteries was wide (1.8 cm) the aortic velocity:
fields were also recorded midway between the two origis
and 0.5 cm below the right renal artery. Midway betwecx
the two renal arteries, where the aortic diameter wsX
0.95 cm., in the post-systolic phase of the cycle ther:
is a centrally placed 'zone of forward velocity with
reverse velocities surrounding it, figure 36. At the
post-systolic minimum 0.5 cm downstream of the right
renal artery, where the aortic diameter was 0.96 cm.;
there is a zone of forward velocity on the right ventral

aspect of the aortic cross-section adjacent to the
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figure 36. Cross-sectional aortic velocity contours at 334
msec after the EKG R wave (indicated by the arrow below the
centrestream velocity waveform to the right) midway between
the twe renal artery origins (axial separation 1.8 cm).
Contour velocities are (1) -4.6, (2) -2.8, (3) -1.0, (4)
0.8, (5) 2.6, (6) 4.5 cm/sec. L: left, R: right, P:
posterior (dorsal). The circular frame is broken to indicate
the circumferential location and size of the origins of the

upstream (right) and downstream (left) branches.
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origin of the right renal artery, figure 37. A zone of
reverse velocity occupies the remaining three quarters
of the cross section with the greatest reverse
velocities concentrated in the left dorsal aspect
opposite the origin of the right renal artery.

A consistent flow pattern of a region of high
forward velocities adjacent to and a transient zone of
reverse velocities in the post systolic phase opposite
the origin of the branch is thus seen 0.5 cm below the
cranial mesenteric, left renal, and right renal artery

in the aortic cross section.

In Vitro Model Studies

Steady Flow

Figure 38 presents in vitro aortic velocity
contours recorded 0.5 cm downstream of the right renal
artery origin under conditions of steady upstream flow
with varying right renal flow. With zero right renal
flow (figure 38(A)) there is symmetry in the contours
along the aortic diameter in the plane of the renal
branch, i.e. along the aortic diameter from the right
ventral to the left dorsal aspect of the model aorta.
Thus a velocity profile along this diameter would be
relatively symmetric, with steep velocity gradients at
both the right ventral and left dorsal aspects, as is
indicgted by the closeness of adjacent contour lines;

Furthermore, all the flow velocities are in the forward
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Figure 37. Cross-sectional aortic velocity contours at 334
msec after the EKG R wave (indicated by the arrow below the
centrestream velocity waveform to the right) 0.5 cm
downstream of the right renal artery origin. Contour
velocities are (1) -5.4, (2) -3.2, (3) -1.0, (4) 1.2, (5)
3.4, (6) 5.7 cm/sec. L: left, R: right,.P: posterior
(dorsal)., The circular frame is broken to indicate the
circumferential location and size of the origin of the

.upstream branch.
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Figure 38. C(Cross-sectional model aortic velocity contours
0.5 cm downstream of the right renal artery origin under
conditions of steady upstream flow (1197 ml/min) with right
renal flows of =zero(A), 28{(B), 40(C), and 56(D) percent of
upstream aortic flow. L: left, R: right, P:
posterior(dorsal). The circular frame surrounding each set
of contourl is broken to indicate the circumferential
location and size of the origin of the right renal artery.
Contour velocities are, in cm/sec: A: 1:6.1, 2:11.6, 2:17.0,
4:22.5, 5:27.9, 6:33.4, B: 1:-1.7, 2:2,5, 3:6.7, 4:11.0,
5:15.2, 6:1%.5, C: 1:-3.0, 2:2.5, 3:7.9, 4:13.4, 5:18.8,-
6:24.3, D: 1:-10.0, 2:-0.9, 3:8.2, 4:17.3, 5:26.4, 6:35.5.
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(positive) direction. With right renal flow at 28
percent of aortic flow (figure 38(B)) there is asymmetry
in the contours along the aortic diameter in the plane
of the renal branch. Now the contours adjacent to the
branch are close while those opposite the branch (in the
left dorsal aspect) are further apart. Thus a velocity
profile along this diameter would be skewed toward the
branch. In addition, at the most peripheral dorsal
aspect there is a zone of reverse velocities (-1.,7
cm/sec). A similar contour pattern is apparent in figure
38(C), where the right renal flow is now 40 percent of
aortic flow. In this situation there is a
toward-the-branch skewing of the velocity profile in the
plane of the branch and a reverse velocity zone (-3.0
cm/sec) dorsally. In addition, there is a small zone of
reverse velocities of the same magnitude along the left
ventral éspect of the aorta. The peak reverse and
forward velocities are higher with 40 percent right
renal floq than with 28 percent'flow.

A highly asymmetric contour pattern is shown in
figure 38(D), where the right renal flow is 56 percent
of aortic flow. The peak forward velocity of 35.5 cm/sec
is well off centre in the left dorsal quadrant of the
aorta. This finding is in contrast to the velocity
pattern in the vicinity of centrestream in the three
‘other steady flow experiﬁents where the flow is always

maximal and forward in direction. The peak reverse
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velocity (-10.0 cm/sec) is located in the dorsal aspect
of the aorta, as is the case in the experiments with
lower right renal flows., A larger region of lower
reverse velocity (-0.9 cm/sec) surrounds the peak
reversal site. Finally, there is an extensive region of
-0.9 cm/sec reverse velocity in the peripheral left
ventral aspect of the aorta. Thus in figure 38(D), as in
figure 38(C), there are two large zones of reverse |
velocity, one on either side of the aortic diameter in
the plane of the renal branch. Furthermore, these
reverse velocity zones are situated along the perimeter
of the aorta roughly opposite to the ostium of the right
renal artery.

The contours of figure 38(D) are suggestive of
highly disturbed flow. This was indeed the case, as can
be seen in the grid of velocity waveforms recorded under
the high right renal flow conditions (figure 39). Unlike
the flat waveforms typical of steady flow, most of the
waveforms in figure 39 exhibit high frequency
oscillations characteristic of disturbed flow. A
reasonable question which arises in this situation is:
given the unstable nature of the flow field depicted in
figure 39, how representative is figure 38(D) of the
predominant contour pattern over time? The answer to
this question is provided in figure 40, which presents
velocity contours derived from four different times in

the waveform grid of figure 39. None of the contour
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Figure 39, The grid of velocity waveforms from which the
contours of figure 38(D) (maximum right renal branch flow)
were derived and illustrating the unsteady, disturbed nzture
of the post-right renal flow. L: left, R: right, P:

posterior(dorsal;.
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Fiqure 40. Cross-sectional model aortic velocity contours
0.5 cm downstream of the right renal artery origin under
conditions of steady upstream flow (1197 ml/min). The right
renal flow is 56 percent of the upstream flow and contours
correspond to 100(A), 200(B), 300(C), and 400(D) msec after
the triggering spike for waveform sampling. L: left, R:
right, P: posterior(dorsal). The circular frame surrounding
each set of contcurs is broken to indicate the
circumferential location and size of the origin of the right
renal artery. Contour velocities are, in cm/sec: A: 1:-14.0,
2:-5.5, 3:3.0, 4:11.,5, 5:20.0, 6:28.4, B: 1:-15,0, 2:-6.9,
3:1.2, 4:9.3, 5:17.3, C: 1:-8.0, 2:-1.3, 3:5.3, 4:12.0,
5:18.7, 6:25.3, D: 1:-6.5, 2:-0.1, 3:6.4, 4:12.9, 5:19.3,
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patterns in figure 40 is the same as that of figure
38(D). Therefore figure 38(D) is not completely
representative of the velocity field in question.
Nevertheless it has a number of features in common with
" the contour diagrams of figure 40. First, there is in
all of the contour diagrams a zone of high forward
velocity near the right renal branch ostium. Second,
there is a common region of reverse velocity in the most
peripheral dorsal aspect of the aorta. Third, and
finally, each contour diagram has a region of reverse
velocity along the left ventral aspect of the aorta.
Thus although parts of the velocity field fluctuate with
time certain features persist. The key persistent
features are the previously described Daired zones of
reverse velocity on either side of the aortic diameter

in the plane of the renal branch.

Pulsatile Flow

Figure 41 presents centrestream {7 vitrp pulsatile
aortic velocity waveforms for three different right
renal branch flows. The increase in branch flow from
zero to 32 percent of aortic flow appears to markedly
reduce peak centrestream aortic velocity from well above -
46 cm/sec (figure 41(A)) to well below 46 cm/sec (figure
41(B)). Part of this reduction may be due to a
simultaneous decrease in mean aortic flow from 406
ml/min to 325 ml/min. However, the peak centrestream

aortic velocity is still well below 46 cm/sec in figure
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Figuré 41. Centrestream model aortic velocity waveforms
recorded 0.5 cm downstream of the right renal artery origin
under conditions of pulsatile upstream flow with right renal
flows of zero(A), 32(B), and 48(C) percent of mean aortic
flow. In each case the velocity computed from the PDUVM mode
frequency is surrounded by its 8 dB contour velocities. The
pulse rate in each case is 105 beats per minute. The mean,
pea:, and minimum flowrates are, in ml per minute: A: 406,

1197, -385, B: 325, 1218, -487, and C: 390, 1218, -568.
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41(C) where the aortic flow is only 16 ml/min below that
of figure 41(A). This confirms the strong influence of
right renal branch flow on centrestream aortic velocity.
Also apparent in figure 41(C) is the increase in reverse
flow velocity compared to the waveforms in figure 41(A)
and 41(B).

Figure 42 presents model aortic velocity contours
0.5 cm downstream of the right remal artery origir
recorded 200 msec after the sync pulse upslope with
right renal flows of zero, 32, and 48 percent of mean
aorfic flow. The conéours are all in the forward
direction: this is not surprising since inspection of
figure 41 reveals that the flow is near the peak of
pulse acceleration at 200 nsec into the pulse period.
The contours of figure 42 show some correspondence with
the waveforms of figure 41. For example, the peak
velocity in figure 41(A) is above 46 cm/sec while the
peak velocity in figure 41(B) and 41(C) is below 46
cm/sec. Similarly, in figure 42{(A) the maximum contour
velocity is about 34 cm/sec while figure 42(B) and 42(C)
have maximum contour velocities near 23 cm/sec. The
difference in velocity magnitudes between figures 41 and
42 is presumably due to the flow not being at the
waveform peak in figure 42. As occurred in steady flow
with zero branch flow there is symmetry in the contours
along the aortic diameter in the plane of the renal

branch in pulsatile flow (figure 42(A)). With 32 percent
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Figure 42, Cross-sectional model aortic velocity contours
0.5 cm downstream of the right renal artery origin under
conditions of pulsatile upstream flow 200 msec after the
sync pulse upslope with right renal flows of zero(a), 32(B),
and 48(C) percent of mean aortic flow. L:left, R:right,
P:posterior(dorsal). The circular frame surrounding each set
of contours is broken to indicate the circumferential
location and size of the origin of the right renal artery.
Contour velocities are, in cm/sec: A: 1:1.3, 2:9.4, 3:17.5,
4:25.6, 5:33.6, By 1:5.0, 2:8.6, 3:12.3, 4:15.9, 5:19.6,
6:23.2, C: 1:3.7, 2:7.5, 3:11.4, 4:15.2, 5:19.1, 6:22.9.
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aortic flow through the right renal branch (figure
42(B)) there is a slight skewing of the contours toward
the ventral aspect of the aorta. A similar contour
skewing pattern is apparent with 48 percent of the
aortic flow through the renal branch (figure 42(C)).

Figure 43 presents pulsatile f£low model aortic

velocity contours at four different times in the pulse

| cycle when the right renal branch flow is 32 percent of
mean aortic flow. Reference to figure 41 makes it clear
that the four times presented are well after the flow
peak and the last two (figures 43(C) and 43(D)) are
close to the minimum flqw point of ghe pulse cycle. Thus
it is not surprising that the minimum contour velocity
decreases friw 5.0 cm/sec in figure 43(A) to -7.4
cm/sec in figure 2£3{7). Similarly the centrestream zone
of forward velocities decreases in size from figure
43(a) to 43(B), and is entirely absent in figqure 43(C)
and 43(D). Reverse velocities are present in all four
contour diagrams and a feature common to all is a
peaking of reverse velocities ir the peripheral ventral
and dorsal aspects of the aorra. These were the same
regions. where flow reversal occurred in steady flow,
i.e. paired zones of reverse velocity opposite the right
renal branch and lying on either side of the aortic
diameter in the plane of the same branch.

Figure 44 is analogous to figure 43, the chief

difference being that right renal branch flow has been
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Figure 43. Cross-sectional model aortic velocity contours
0.5 cm downstream of the right renal artery origin under
conditions of pulsatile upstream flow (peak 1218 ml/min,
mean 325 ml/min) 350(A), 400(B), 450(C), and 50(D) msec
after the sync pulse upslope with a right renal flow of 32
percent of mean aortic flow. L:left, R:right,
P:posterior(dorsal). The circular frame surrounding each set
of contours is broken to indicate the circumferential
location &@nd size of the origin of the right renal artery.
Contour velocities are, in cm/sec: A: 1:-5.0, 2:-2.8,
3:-0.6, 4:1.7, 5:3.9, B: 1:-7.0, 2:-5.2,-3:~-3.4, 4:-1.5,
5:0.3, C: 1:-7.4, 2:-6.0, 3:-4.6, 4:-3.2, 5:-1.8, 6:-0.3, D:
1:-4.1, 2:-3.3, 3:-2.5, 4:-1.7, %5:-0. -0.1.
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Figure 44. Cross-sectional model aortic velocity contours
0.5 cm downstream of the right renal artery origin under
conditions of pulsatile upstream flow (peak 1218 ml/min,
mean 390 ml/min) 300(A), 350(B), 400(C), and 450(D) msec
after the sync pulse upslope with a right renal flow of 48
percent of mean aortic flow. L:left, R:right,
P:posterior(dorsal). The circular frame surrounding each set
of contours is broken to indicate the circumferential
location and size of the origin of the right renal artery.
Contour velocities are, in cm/sec: A: 1:-4.8, 2:-2.0, 3:0.9,
4:3.7, £:6.5, 6:9.3, B: 1:-14.4, 2:-12.0, 3:-9.6, 4:-7.1,
5:-4.7, 6:~-2.3, C: 1:-16.9, 2:-13.7, 3:-10.4, 4:-7.2
5¢:-4.0, 6:-0.7, D: 1:-10.2, 2:~-8.4, 3:-6.6, 4:-4.8,

5:-2.9,
6:-1.1,
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increased to 48 percent of mean aortic flow. This
increase clearly affects the the velocity field since
the minimum contour velocities, which are reverse for
both branch flows, are higher with 48 percent branch
flow. As in figure 43 zones of forward flow disappear as
the flow pulse decelerates. This disappearance occurs
earlier in the pulse c¢ycle (350 msec) in figure 44,
indicating a more extensive flow reversal than was seen
at the lower branch flow. Finally, as in figure 43,
paired pockets of peak reverse flow persist over the
four pulse times indicated. They are situated, again,
opposite the right renal branch and lie on either side

of the aortic diameter in the plane of the same branch.

D. FACTORS AFFECTING PDUVM SPECTRAL WIDTH

Steady Laminar Flow

In the frequency profile of figure 16 the width of the
spectra increases, independent of the shift to higher
frequencies towards centrestream, ac the sample volume is
range-gated across the tube. Three plots of mode-based
spectral width, measured ag described in the methods, are
shown in figure 45. The first plot (diamond) represents the
measurements from the 20 MHz PDUVM spectra illustrated in
figure 16. In this experiment signal amplitude was
maintained constant by increasing gain with increasing

distance from the transducer. There is an apparent increase
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Figure 45. The variation of 20 and 10 MHz PDUVM spectral
width across the test section vertical diameter under
conditions qf laminar flow at a Reynolds number of 462. 20
MHz PDUVM with constant signal'amplifude (diamond). 20 MHz
PDUVM with constant amplifier gain (hatch). 10 MHz PDUVM

with constant signal amplitude (triangle).
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in spectral width as the sample volume is ranged away from
the probe. The second plot (hatch) was made with the 20 MHz
PDUVM under the szme flow conditions but with constant
amplifier gain. Under these conditions there remains a
slight increase in spectral width with increasing range.
This effect was greatly amplified by the attempt to maintain
a constant signal level. The effect is considered in the
discussion and is thought to be due to noise introduced by
use of the instrument towards the extremes of its range. The
third plot (triangle) is that of the 10 MHz PDUVM spectral
width recorded with constant signal amplitude. The 10 MHz
spectral width clearly remains constant over a much more

extensive range than the 20" MHz PDUVM width.

Post-stenotic Flow with Steady Flow Upstream

A composite illustration of the results from a flow
visualization study downstream of the 0.19 cm (90 percent)
stenosis using a tube Reynolds number of 316 is shown in
figure 46. The central jet region of high velocity particles.
is shown by the centrally placed streaks. On either side of
this, slow moving particles representing flow separation can
be seen. Just downstream of the tip of the jet, the pattern
of particle movement is complex and disturbed in the region
of turbulence. .

Data from an axial sampling site 0.6 cm (one diameter)
downstream of the 0.19 cm (90 percent) stenosis is

illustrated in figure 47. Tpis site corresponds to the left
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Figure 46. Schematic of the results of flow visualization

downstream of the 0.19 cm (90 percent) stenosis at a tube
Reynolds number of 316. The arrows point to key axial

positions referred to in the text.
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Figure 47. Mode freguency velocity profile across the tube
6 mm (one diameter) downstream of the 0.19 cm (90 perceqt)
stenosis at a tube Reynclds number of 316. The spectra.from
which mode frequencies were derived are superimposed. For
each spectrum the ordinate is relative amplitude normalized
to each maximum. The abscissa is frequency in kHz with a 20
kHz maximum. The offset frequency of 6 kHz (zero velocity)

is indicated by an arrow under each spectrum.
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hand arrow in figure 46. The spectra recorded across the
tube at a tube Reynoclds number of 316 are shown superimposed
on a velocity profile developed from mode frequencies. The
low velocities close to the wall, on either side of the higyn
jet velocities, represent the recirculation demonstratced in
figure 46. The predominant direction of particle movement at
the near wall is reverse. Mode frequencies are less than the
shift frequency of 6 kHz at positions 1, 2, and 3. At the
far wall, the direction of the low velocities in the
separation region are mixed. They are forward at positions 9
and 10 but reverse at position 11,

The widths of the individual spectra in figure 47 vary
across the tube. There is a bimodal distribution with two
peaks on either side of the centre. This is more clearly
Aeea in figure 48 which depicts the profile of relative
spigtral width for this experiment. Relative spectral width
(spectral width/mode frequency) is used to compensate for
the relationship of spectral width to velocity demonstratec
with the laminar flow model. The highest spectral widths
occur on e?ghet side of the two central spectra. Comparison
with the floﬁ visualization picture in figure 46 suggests
that the broad spectra on either side of centre are due to
the placement of the sample volume in the‘shear layer
between jet and recirculation.

In figure 49 the variation of centrestream relative
spectral width with post-stenotic axial position is shown

for the 0.19 cm (90 percent) stenosis at a Peynolds number
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Figure 48. Relative spectral width profile across the tube
6 mn (one diameter) downstream of the 0.19 cm (90 parcent)

stenosis at a tube Reynolds number of 316.
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Figure 49. Axial variation of centrestream relative
spectral width downstream of the 0.19 cm (90 percent)

stenosis at a tube Reynolds number of 717.



140

of 717. Maximum centrestream spectral width occurs at 7
diameters downstream. A similar pattern occurred at all flow
rates used with the 90 percent and 77 percent stenoses,
Table 6. That is, maximum centrestream spectral width
‘occurredl at some finite distance downstream of the stenosis.
Comparison with flow visualization showed that the point of
maximum centrestream spectral Qidth coincided with jet break
up (right hand arrow, figure 46). With the lowest grade
stenosis (56 percent), relative spectral width did not vary
with downstream distance at the two lover flow rates. With
the highest flow rate (Reynolds number 985) centrestream
spectral width increased at 7.5 diameters downstream and was
still similarly raised at.13.5 diameters downstream. This
patterfi was similar to that recorded for the 77 percent
stenosis at the lowest flow rate.

Figure 50 shows the relationship hetween maximum
centrestream spectral width and tube Reynolds number for
both the laminar flow (zero stenosis) and post-stenotic
experiments. Por each stenosis grade, a linear relatidnship
is suggested.. At any given Reynolds number, spectral width

is increas@d with increasing stenosis grade.

Post-stenotic Flow with Pulsatile Flow Upstream

Spectral Waveforms and Flow Visualization
Figures 51 to 55 show centrestream pulsatile flow
spectral waveforms recorded with the 20 MHz PDUVM at

0.6, 1.6, 2.6, 3.6, and 14.8 cm downstream of the 1.9 mm
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Sten. Re. Relative spectral width as a function of post-

stenotic axial position ( diameters downstream )
Area No.
Red. 1.0 1.8 2.7 3.5 4.3 5.2 6.0 6.8_ 7.7 8.5 9.3 11.0 12.7 13.5
56% 349 0.27 0.30 - 0.26 - - - 0.26 - - - - - 0.28
56% 628 0.30 0.32 0.290.29 - 0.30 - - - 0.2 - - - 0.26
56% 985 0.250.300.29 - 0.27 - 0.3 - 0.55 - 0.48 - 0.62 0.62
77% 332 0.28 - - 0.26 - - 0.25 - 0.68 - 0.8 - - -
77% 656 0.63 0.51 0.79 - 0.77 - 0.54 - - - 0.56 - 0.37 -
77% 952 0.570.770.69 - 0.95 - 1.3 - 1 11 - - - 0.63 -
90% 316 0.33 - 0.45 - 0.56 - - - 1.40 - - 0.63 - -
90% 520 0.23 - 0.26 - 1.12 1.39 1.35 1.54 ~ 0.54 - - - -
9% 717 0.64 0.8 1.08 - 1.51 - 0.8 - 0.57 - - - 0.2 -

Table 6. Variation of centrestream relative spectral width

with axial location downstream of the three stenoses at

thres Reynolds numbers (Re. No.) each. Maximum values are

uné¢erlined.
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Figure 50. The variafion of maximum relative spectral width
with tube Reynolds number in the unstenosed tube (diamond),
and downstream of the 0.4 cm (56 percent) stenosis

(triangle), the 0.29 em (77 percent) stenosis (square), and

the 0.19 cm (90 percent) stenosis (hatch).
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stenosis. Each spectral waveform consists of the
recorded mode frequency surrounded by its 8 4B contours.
Each figure contains a set of cinefilm frames taken from
the flow visualization record for that axial location.at
five selected times in the pulse cycle. The times
selected are varied between figures in order to
illustrate specific features of the different waveforms.
The selected times are marked with arrows along the time
axis of each spectral waveform. In each figure the
position of the PDUVM sample volume is indicated with a
white circle in one of the post-stenotic cinefilm
frames. The sample volume position is the same in each
frame for a given figure. ‘

Figure 51 shows a centrestream spectral waveform
recorded immediately (0.6 cm) downstream of the
stenosis. The chief features to be seen are the high
magnitude (over 50 kHz) of the mode frequencies attained
and the sinusoidal shape of the waveform. The spectral
width remains relatively constant over the pulse cycle,
increasing somewhat during the peak frequency phase. The
increased absolute width at the waveform peak probably
is due to the effect of increased flow velocity on the
PDUVM spectrum. Since the mode frequency is also
elevated at this point in the waveform, the relative
spectral width (absolute width/mode frequency) is almost

constant over the pulse cycle.



Figure 51. Centrestream spectral waveform recorded 0.6 cm
downstream of the 1.9 mm stenosis accompanied by the flow
visualization record at the same axial location ( right, p.
144b ). The flow visualization panels labelled A,B,C,D, and
E correspond to the times marked in the pulse cycle with
arrows and the same letters. The position of the PDUVM
sample volume is indicated by a small circle in flow
visualization panel C. The sample volume pcsition i3 the

same in the other four panels.
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All frames of the corresponding flow visualization
record show a central jet flanked by recirculation zones
towards the walls, as previously described in the
pulsatile velocity profiles section. The oscillatory
nature of the flow is indicated by the varying lengths
of the streaks in the central jet region from frame to
frame. In frame A, at the beginning of the pulse cycle,
the particles emerging from the stenosis.make short
axial streaks, indicating low jet velocities. In frame
B, during the acceleration phase of the pulse cycle, the
emerging particles make longer streaks, thus indicating
increased j=t velocities. In frames C and D, near the
peak of the pulse cycle, the emerging particle streaks
are so long that they merge with one another, indicating
very high jet velocities. In frame E, during the
deceleration phase, the jet particle streaks afe shorter
than tnose in the preceding frame, indicating that the
jet velocity is decreasing. In all frames the major
component of midline velocity is in the axial direction.
There is no indication of disordered flow. Thus it is
not surprising that the relative spectral width remains
essentially constant through the waveform.

Figure 52 shows a centrestream spectral waveform
recorded 1.6 cm downstream of the 1.9 mm stenosis.
Again, mode frequencies over 50 kHz are attained at the
waveform peak, indicating that the sample volume is

still located in a jet velocity region. The waveform



Figure 52. Centrestream spectral waveform recorded 1.6 cm
downstream of the 1.9 mm stenosis accompanied by the flow
visualization record at the same axial location ( right, p.
146b ). The flow visualization panels labelled A,B,C,D, and
E correspond to the times marked in the pulse cycle with
arrows and the same letters. The position of the PDUVM
sample volume is indicated by a small circle in flow
visualization panel B. The sample volume position is the

same in the other four panels.
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shape is somewhat distorted from the sinusoidal shape of
the preceding figure. There is a flat region lasting
about 30 .msec before the onset of pulse acceleration.
Spectral width varies more over the pulse cycle than in
the waveform recorded at 0.6 cm downstream. In
particular, there is a greater increase in absolute
spectral width just past the peak of the pulse cycle.
Thus the relative spectral width is increased more at
this time in the pulse cycle in relation to the relative
wvidth at the same time 0.6 cm downstream of the
stenosis.

The flow visualization record in figure 52 also
differs from the visualization data of figure 51, Ih
frame A the low velocities prior to flow acceleration
are apparent in the short streak lengths of the
centrestream particles. In frame B. flow acceleration is
readily apparent in the increased centrestream streak
lengths relative to the previous frame. Frame B also
gives the impression of a less organized jet than at 0.6
cm downstream. Frame C, exposed during late flow
acceleration, shows high jet velocities in the fused
streaking of centrestream particles. Frame D, exposed -
near the time of peak spectral broadening, shows a
centrestream region w?th fused streaking that appears
less axially oriented than the streaking revealed during
late acceleration. There is a suggestion that the

particles are moving radially, and they are out of
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focus, as would be expected at a site of flow
disturbance. In frame E deceleration of the flow is
clearly evident in the shortness of the centrestream
streaks relative to those in frame C. The single
particle streak at the sample volume site is
particularly demonstrative of the reduced velocity at
this time in the pulse cycle. Also in frame E, reduction
in flow disturbance is apparent in the increased axial
orientation of the par’.cle streaks rélative to those in
frame D.

Figure 53 shows a centrestream spectral waveform
recorded 2.6 cm dovwnstream of the 1.9 mm stenosis. Mode
frequency varies markedly over the pulse cycle and does
not exhibit the sinusoidal shape of the waveform at 0.6
cm downstream. Like the waveform at 1.6 cm downstream
there is a short flat region before pulse acceleration.
After acceleration the mode frequency begins to fall,
eventually reaching a minimum of approximately 26 KkHz
near the time labelled C in figure 53. After a brief
spike the mode climbs to about 36 kHz, stays there for
about 40 msec, then gradually declines back to 26 kHz
toward the end of the pulse cycle. Absolute spectral
width also varies considerably over the pulse cycle: it
is narrow before and during pulse acceleration, then
broadens dramatically and remains broad for about 100
msec, decreases transiently, broadens again, and finally

decreases during pulse deceleration at the end of the



Figure 53. Centrestream spectral waveform recorded 2.6 cm
downstream of the 1.9 mm stenosis accompanied by the flow
visualization record at the same axial location ( right, p.
149b ). The flow visualization panels labelled A,B,C,D, and
E correcpond to the times marked in the pulse cycle with
arrows and the same letters. The position of the PDUVM
sample volume is indicated by a small circle in flow
visualization panel A. The sample volume position is the

same in the other four panels,
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cycle. The dramatic broadening of the spectral width
evident in this type of waveform will, in future, be
referred to as 'bursting.' Compared to the two previous
axial positions the absolute spectral width is
considerably broader and remains broad for a longer
period. Relative spectral width also is broader due to
the effects of increased absolute width and decreased
mode frequency. The corresponding velocity profiles
which were presented in figure 31, parts (D) and (E),
indicate that peak velocity is off centre when mode
frequency is reduced in mid cycle.

The flow visualization record reflects the
disturbed features of the waveform at 2.6 cm downstream
of the stenosis. In frame A flow velocities are very
low, as demonstrated by the nearly spherical shape of
the centrestream particles. In frame B, at the point of
peak mode frequency, the high jet velocities are
apparent in the long axial streaking of the centrestream
particles. There is also evidence of flow disturbance
causing the spectral broadening, since the axial streaks
are out of focus. Frame C, exposed at a time of
decreased mode frequency and spectral width, shows axial
streaking of shorter length than that of frame B. Thus
the reduction in flow velocity is demonstrated. Frame D,
exposed at a time when the mode frequency is. high again,
exhibits centrestream streaks longer than those in frame

C, as would be expected in a region of increased
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velocity. The streaks are out of focus, . .wever,
indicating disturbed flow which would account for the
broad spectrum. In frame E flow deceleration is apparent
in the shorter centrestfeam streak lengths compared to
those of frame D.

Figure 54 shows a centrestream spectral waveform
recorded 3.6 cm downstream of the 1.9 mm stenosis. Like
the wa+2form recorded at 2.6 cm downstream of the
stenos’s this waveform is not at all sinusoidal in
shape. “here is a slow rise in mode frequency from 13
kHz at t.<e A until just before time B. At time B there
is a rapid acceleration and deceleration spike. This is
followed by a fluctuating, unstable frequency for the
rest of the pulse cycle. The highest mode frequency
reached is in the neighbourhood of 28 kHz, which is
considerably less than at the preceding three axial
locations. Absolute spectral width is narrow (about 5 -
kHz) prior to the major acceleration/deceleration spike,
increases rapidly during acceleration, reaches a maximum
at the spike peak, declines to about 10 kHz, and remains
at that width for most of the remaining cycle. Thus
there is considerable spectral broadening in this
waveform, both absolute and relative. This increased
spectral width is, however, not as great as that seen at
2.6 cm downstream of the stenosis.

This conclusion is supported by the corresponding

flow visualization record. In all frames except B most



Figure 54, Centrestream spectral waveform recorded 3.6 cm
downstream of the 1.9 mm stenosis accompanied by the flow
visualization record at the same axial location ( right, p.
152b ). The flow visualization panels labelled A,B,C,D, and
E correspond to the times marked in the pulse cycle with
arrows and the same letters. The position of the PDUVM
sample volume is indicated by a small circle in flow
visualization panel B. The sample volume position is the

same in the other four panels.
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of the particles are not arranged linearly. Instead,
they are highly disorganized. Furthermore, the apparent
particle._concentration across the tube is less than the
concentration displayed far (14.8 cm) downstream of the
stenosis .in figure 55. The presence of disturbed flow

can explain the apparent low particle concentration in

figure 54 since turbul- .: . .. would tend to distribute
the particles across the vhni. ube cross section, away
from the illuminated f1 - ~ :ualization slit. In frame

A, prior to the major waveform spike, the centrestream
particles are spherical in shape, thus suggesting low
flow velocity, possibly directed at right angles to the
flow axis. In frame B, at the point of peak mode
frequency, there are centrestream axially criented
streaks indicative of high velocities., This is the only
frame where axial streaks occur and is therefore the
only frame with a suggestion of jet flow. The axial
streaks are out of focus, though, suggesting flow
disturbance. Frame C, exposed shortly after mode
frequency has fallen from its peak, lacks centrestream
axial streaks. The particles are spherical and randomly
aistributed. This would suggest flow disturbance and
would explain the relatively high spectral width seen in
the waveform. Frames D and E, exposed at later times in
the pulse cycle, are very similar to frame C. Thus they
confirm the prolongation of flow disturbance through the

rest of the pulse cycle, as is suggested by the extended
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broadening of the spectral waveform.

Figure 55 shows a centrestream spectral waveform
recorded -14.8 cm downstream of the 1.9 mm stenosis. Flow
disorder has clearly dissipated and the waveform has
returned to a sinusoidal shape. High velocity jet flow
has ceased, as evidenced by the low (approximately 7.5
kHz) peak mode frequency attained. iAbsolute spectral
width exhibits a small increase in the region df the
pulse peak but relative spectral width remains
essentially constant over the pulse cycle.

The corresponding flow visualization record in
figure 55 reflects the above sugges:ions of orderly
flow. In all frames the particles are arranged in
regular, axially oriented patterns. Frame A, exposed
during early pulse acceleration, reveals short particle
streakirg. Later in the pulse cycle, in frame B, the
particle streaks are longer, thus indicating increased
velocity., Frame C, exposed at the peak of the pulse
cycle, reveals even longer streaks, many of them
overlapping with their neighbours. In frame D pulse
deceleration is appa;ént in the reduced streak lengths
relative to frame C. Frame E, exposed at the‘gnd of the
pulse cycle, contains nearly spherical, slightly
Btreaked particles indicative of further reduction in

flow velocity.



Figure 55, Centrestream spectral waveform recorded i14.8 cm
downstream of the 1.9 mm stenosis accompanied by the flow
visualization record at the same axial location ( right, p.
155b ). The flow visualization panels labelled A,B,C,D, and
E correspond to the times marked in the pulse cycle with
arrows and the same letters. The position of the PDUVM
sample volume is indicated by a small circle in flow
visualization panel A, The sample volume position is the

same in the other four panels.
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Influence of Pulse Rate on Spectral Width

Figure 56 presents the centrestream spectral
waveforms recorded with the 20 MHz PDUVM at all six
post-stenotic axial positions for the three pulse rates
studied with the cam-based pulsatile unit. Immediately
apparent in the figure is the variation in pulse rate as
demonstrated by the three different pulse cycle periods.
The basic waveform shape is shown by the undisturbed
waveforms far (15 cm) ¢ ~om of fhe stenosis.
Inspection of these reveals it the 51 BPM waveform has
the most sinusoidal shcpe. The ctyer two waveforms have
distorted sine wave shzpes, especially the 105 BPM
waveform. The distortion occurs partly because the cam
follower did rot alwaye follow exactly the different
cams used in the pulsatile unit. It was necessary to use
different cams at each pulse rate due to a variation in
pulsatility when only cne cam was used. This variation
in pulsatility may have been due to viscoelasticity in
the flow circuit. Ancthter factor contributing to
distortion of the 105 and 240 BPM waveform shapes was
the effect of sampling. Sampling was at a fixed rate
(6.25 msec) at all three pulse rates. This resulted in a
lower number of samples per pulse at the higher pulse
rates and, consequently, a-lower resolution in the
sampled waveforms corresponding to the higher pulse
rates. It is also apparent in figure 56 that the

undisturbed waveforms at each pulse rate commence at a
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Figure 56. Centrestream spectralvwaveforms recorded with
the 20 MHz PDUVM at all six post-s:t2notic axial positions
(0.6 to 15 cm downstream) for the three pulse rates studiéd
with the cam~based pulsatile unit. Pulse rates are indicated

at the top of the figure in beats per minute (BPM).
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different phase of the pulse cycle. This is due to the
different cams generating sync pulses at different
peints in the pulse cycle. Figure 57 illustrates the

¢ =ount phase relationships between the
ele. . smagnetic flow waveforms and corresponiing sync
pulses generated by the cams of the three pulse rate
experiments. The 51 BPM wave.orm at ' -7 downstream was
triggered by the rising edge (arrow i-ielled A) of the
corresponding sync signal. The 105 and 240 BPM waveforms
at the same post-stenotic location were also triggered
by their sync signal rising edges (z:rows labelled C and
D, respectively). Inspection of the three trigger arrows
reveals that arrow A was closest to the start of its
corresponding flow pulse acceleration, arrow C was next
closz.t, and arvow D was farthest. Thus in figure 56 at
15 cm downstream of the stenosis the start of pulse
acceleration is closest to the zero (trigger) time in
the pulse cycle for the 51 BPM waveform and farthest
-from the éero time of the 240 BPM waveform. A final
comment on the phase relationships of the syectral
waveforms needs to be made. At 105 and 240 BPM the
waveforms at all six axial positions start at the same
point in the pulse cycle. This is not the case at 51 BPM
where the waveforms at 0.6 and 1.6 cm downstream are out
of sync with those at 3.6 to 15 cm downstream. This is
because sampling of the waveforms at the former two

locations was triggered by the falling edge of the sync
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Figure 57. Simultaneous records of electromagnetic flow
waveforms and correspondi=q] sync pulses for the three pulse
rate experiments using the cam-based pulsatile unit.
Sampling of PDUVM waveforms was triggered by edges in the

sync pulses labelled as arrows A,B,C, and D.
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signal (arrow B in figure 57) as opposed to the usual
triggering by the rising edge.

The axial variation of waveforms at all three pulse
rates shares the basic features of the post-stenotic
velocity field described in the section which compared
spectral waveforms and simultaneous flow visualization.
First of all, at 0.6 cm downstream of the stenosis,
velocities are considerably elevated (the mode frequency
is approximately 26 kHz above the offset frequency (24
kHz) at the pulse peak as compared to approximately 10
kHz above the offset frequency (12 kHz; at 15 cm
dewnstream). This is due to jet flow emerging from the
stenosis. Most important, for each pulse rate the
spectral width 'bursts' at some finite distance
downstream of the stenosis, as was demonstrated in
figures 53 and 54. At more distal axial locations the
flow disturbance gradually dissipates until at the sixth
axial position (15 cm downstream ) the waveforms are
almost completely undisturbed. The bursting is most
prominent at 3.6 cm downstream. At that location the
amplitude of bursting is similar at all three pulse
rates, but the duration is clearly greatest at 51 BPM
and least at 240 BPM.

In order to determine if pulse rate affected
post-stenotic turbulence production a computer program
was used to analyze each spectral waveform of figure 56

with respect to the amplitude and duration of bursting
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type flow disturbance. First, each waveform was
subjected to ten passes through a symmetrical weighted
average smoothing algorithm in order to reduce the noise
in the Doppler waveform to a minimum. Fi‘sure 58
illustrates a smoothed spectral waveform end some of the
parameters derived from it. A control spectral width
{(CW) was calculated just prior to pulse acceleration.
Next, the program looked for the point at which the
spectral width became greater than twice the control
width. This point was called the burst start (BS). The
program continued to search through the smoothed
waveform until the spectral width fell below twice the
control width. This point was called the burst end (BE).
Thus the burst time (BE - BS) was the period between the
burst start and the burst end. The mean absolute
spectral width (MASW) over the burst was then calculated
as the sum of the absolute spectral widths (ASW) over

the burst Rivided by the burst time {BE - BS):
MASW=ZASW,I(BE-BS)..Q..tl....h.......'ll.......II.(7)
The mean relative spectral width (MRELW) over the burst
was calculated as the sum of the absolute spectral
widths over the burst divided by the sum of the mode

frequencies (M) over the burst:

MRELW=ZASW/ZM......D........l....l..‘l.......O.ll..(e)
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Figure 58. Diagram of smoothed PDUVM spectral waveform used
to analyze the effect of pulse rate on post stenctic

turbulence production. As in figures 6 and 51 to 55 the mode
(M) fr.guency is surrounded by its 8 dB down contours which
define the spectral width. CW - control spectral width, BS -

turbulent burst start, BE - turbulent burst end.
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1f a burst start could not be found in a waveform, i.e.
spectral width did not double, the waveform burst time,
mean spectral width, and mean relative spectral width
were set to zero.

For each spectral waveform two additional
parameters were derived from those already calculated:
the relative burst time (RELBT), and the time average
relative spectral width (AVRLW). The former was
calculated from the burst time divided by the pulse

period (PP):
RELBT=(BE”BS)/PP.I.I.B.........-.......Il.ll.ﬂ.l....(g)

The time average relative spectral width was calculated
from the product of the relative burst time and the mean
relative spectral width in order to obtain a measure of
the longterm exposure of the arterial wall to turbulent

type flow disturbance:
Aanw:RELBT(me)..O...OQ.I..'....l.....Q....I...(10)

Table 7 displays the mean relative spectral width,
relative burst time, and time average relative spectral
width for each pulse rate at each post stenotic axial
position. From the table it can be seen that mean
relative spectral width peaks at 3.6 cm downstream of

the stenosis at all three pulse rates, then decreases
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Table 7. Mean rélative spectral widths (MRELW), relative
burst times (RELBT), and time average relative spectral
widths (AVRLW) obtained from the bursting analysis of the
PDUVM wavefofms of figure 56.
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further downstream. A similar post-stenotic axial
pattern of centrestream relative spectral width was
observed -when the upstream flow was steady (figure 49).
Furthermore, as described previously, a comparison
between post-stenotic PDUVM pulsatile waveforms and the
corresponding flow visualization records revealed that
spectral width increases to a maximum at some finite
distance downstream, and at this location the visualized
velocity field is highly disturbed (figures 53 and 54).
Further downstream spectral width decreases in
conjunction with a re-ordering of visualized flow
elements (figure 55). The relative burst time in table 7
shows a similar rise to a peak followed by a decline at
axial positions further downstream, except at 0.6 cm
downstream of the stenosis at a pulse rate of 51 BPM,
Thus the time average relative spectral width also peaks
at 3.6 cm downstream of the stenosis. This pattern is
illustrated in figure 59, which presents the variation
of time average relative spectral width with
post-stenotic axial position at all three pulse rates.
Table 7 also demonstrates that at the site of peak
post-stenotic turbulence (3.6 cm downstream) the |
intensity of bursting flow disturbance, as reflected in
the value of the mean relative spectral width, tends to
decrease with increasing pulse rate. Since the relative
burst time shows a similar pattern the time averaged

turbulence, as reflected in the value of the time
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Figure 59. The variation of time average relative spectral
width with post-stenotic axial position at the three pulse

frequencies. Pulse frequencies are 51 BPM (diamond), 10% BPM

(triangle), and 240 BPM (square).
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average spectral width, decreases with increasing pulse
rate (Table 7, Figure 59). Conversely, further
downstream the reverse pattern is apparent. At 15 cm
down all three parameters are greatest at 240 BPM and
least at 51 BPM. This suggests that even though the
intensity of turbulence is less at 240 BPM the axial
propagation of turbulence at the same pulse rate is
greater than at lower rates.

The above calculations concentrate on the burstipy
nature of post-stenotic turbulence in this in vitro
model. In vivo, recordings suggest that turbulence often
extends ovir most of the pulse cycle and the increase
during the burst pe?iod is not as dramatic as in the in
vitro results. A mnre appropriate measure of the time
averaged disturbance in the in vivo situation would be
the mean relative spectfal width over the whole pulse
cycle (WCMRW). This was calculated by another computer
algerithm as the mean absolute spectrai width over the
vhole cycle (WCMSW) divided by the mean mode frequency

over .the whole cycle (MMC).:
wCMRw=WCMSW/WC.....‘..II..'...O................'.(11)

The pattern observed using this parameter was similar to
that of the timé average relative spectral wicdth. Thus
whole cycle mean relative spectral width showed axial

peaking at 3.% cm downstream of the stenosis. The whole
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cycle mean relative spectral width tended to decrease
with increasing pulse rate at that location.

In addition, mean relative spectral width over the
burst, relative burst time, and time average relative
spectral width over the burst were recalculated with a
modified computer program that used equations (8) to
(10) and the same 200 percent burst width criterion, but
an externally supplied control spectral width. The
control spectral width was obtained by hand-measuring
the minimum distance between contours at each axial
location and pulse rate. The variation of these
parameters with axial position and pulse rate was
essenfially the same as that obtained when the control

speciral width was computed within the analysis program.

Influence of Pulsatility on Spectral Width

Figure 60 presents the centrestream spectral
waveforms recorded with the 20 MHz PDUVM at six
post-stenotic axial positions for the three
pulsatilities studied with the cam-based pulsatile unit.
Immediately apparent in the figure is the.variation in
pulsatility as demonstrated by the three different
peak-to-peak amplitudes of the undisturbed waveforms far
(15 cm) downstream of the stenosis. The constancy of
pulse rate is reflected in the closeness of all three
cycls periods to 550 msec (approximately 105 BPM). The
waveforms at 15 cm downstream are approximately

sinusoidal in shape: deviations resulted from the use of
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Figure 60. Centrestream spectral waveforms recorded with
the 20 MHz PDUVM at six post-stenotic axial pesitions for
the three pulsatilities studied witlk the cam-based pulsatile
unit. The post-stenotic arterial wall was made of rigid
acrylic plastic. Pulsatilities are indicated at the top of

the figure with the greek letter lambda (A).
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cams of slightly different shape and inaccuracies of the
cam “ollower tracking process. It is also apparent in
figure 60 that the undisturbed waveforms at each
pulsatility commence at different phases of the pulse
cycle. As in the pulse rate experiments this is due to
the use of different cams generating sync pulses at
different points in the pulse cycle. The pulsatility
waveforms, however, are in much closer synchrony than
the pulse rate waveforms, presumably because the pulse
rate was the same for each cam in the former.

The axial variation of waveforms at all three
pulsatilities, like the axial variation observed in the
pulse rate experiments, shares the previously described
features of the pulsatile post stenotic velocity field
(see 'Spectral Waveforms and Flow Visualization').
Briefly, at 0.6 and 1.6 cm downstream Qf the stenosis
velocities are considerably elevated, indicating jet
flow (the mode freguency for A = 1.2 is approximately 24
kHz above the offset frequency (24 kHz) at the pulse
peak, as compared to approximately 5 kHz above the
offset (6 kHz) at 15 cm downstream). Further downstream
(2.6 cm), waveform bursting occurs. The bursting flow
distufbance persists at 3.6 cm downstream, is partly
dissipated at 4.6 cm downstream, and is fully dissipated
at 15 cm downstream. The evidence for complete
dissipation of the bursting flow disturbance at 15 cm

downstream lies in the narrow width of the spectral
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waveforms and thei: lack of erratic fluctuations,

In order to determine if pulsatility affected
post-stenotic turbulence production each spectral
waveform of figure 60 was input to the same computer
program used to analyze the turbulent bursting
properties of the different pulse rate waveforms of
figure 56. The calculated mean relative spectral widths
{MRELW), relative burst times (RELBT), and time average
relative spectral widths (AVRLW) for each pulsatility at
each axial location are presented in table 8. From the
table it can be seen that mean relative spectral width
rises to a peak at 2.6 cm downstream for A = 1.2 and at
3.6 cm downstream for A\ = 0.7 and 2.0. After these
peaks, MRELW declines with increasing post-stenotic
distance. Thus the axial pattern of variation of mean
relative spectral width at different pulsatilities (and
a constant pulse rate of 105 BPM) was similar to that
observed at different pulse rates; it was therefcre
consistent with the post-:.tenotic axial pattern of
centrestream relative spectral width seen under steady
flow conditions.

The relative burst time in table 8 shows axial
peaking at 2.6 cm downstream for all three
pulsatilities. Because of the axial peaking of MRELW and
RELBT, time average relative spectral width (AVRLW) also
shows peaking. Figure 6! illustrates the variation of

the latter with post-stenotic axial position for all



Table 8.

burst times (RELBT), and time average relative spectral
widths (AVRLW) obtained from the bursting analysis of the

PDUVM waveforms of figure 60.

q
1.2 2.0
“

1.1 0.9 0.0

0.45 0.64 0.0

0.49 0.57 0.0

0.0 0.4 0.4

1.6 |RELBT 0.0 0.10 0.32
0.0 0.04 0.13

1.6 2.7 1.9

2.6 0.73 0.66 0.73
1.17 1.78 1.38

2.4 2.2 2.1
3.6 0.73 0.59 0.60
1.76 1.29 1.26

1.2 1.6 1.2
4.6 0.07 0.54 0.35
0.08 0.87 0.42

1.7 1.5 0.8
© 0.48 0.62 0.35
0.81 0.94 0.28

0.0 0.9 0.0

0.0 0.45 0.0

0.0 0.40 0.0
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Mean relative spectral widths (MRELW), relative .
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Figure 61. The variation of time average relative spectral

width with post-stenotic axial position at three
pulsatilities. The downstream tubing was rigid acrylic

material. Pulsatilities are A = 0.7 (diamond), A = 1,2

(triangle), and A = 2. (square).
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three pulsatilities. This figure demonstrates that time
average relative spectral width does not appear to be
influenced by pulsatility at any axial position. The
additional data of the pulse rate experiment conducted
at 105 BPM and a mean pulsatility of 1.8 are consistent
with this conclusion.

As was done with the post-stenotic pulse rate
waveforms, the pulsatility waveforms were subjected to
an additional analysis concerned with flow disturbance
over the whecle pulse cycle. Specificglly, mean relative
spectral width over the whole pulse cycle (WCMRW) was
calculated for each pulsatility at <ach axial location.
The pattern observed using this parameter was similar to
that of the time average relative spectral width in the
bursting analysis. Thus whole cycle mean relative
spectral width showed axial peaking from 2.6 to 3.6 cm
downstream of the stenosis. Their was no clear effect of
pulsatility on WCMRW at the points of peaking or at any
other axial position. .

In addition, mean relative spectral width over the
burst, relative burst time, and time average relative
spectral width over the burst wvere recalculated with a
modified computer program. As for the puise rate
experiment analysis, the modified computer program used
equations (8) and (10) and the same 200 percent burst
width criterion, but an externally supplied control

spectral width. The latter was obtained by hand



175

measuring the minimum distance between contours at each
axial location and pulsatility. The variation of the
above three parameters with axial position and
pulsatility was mostly the same as that obtained when
the control spectral width was computed within the other

bursting analysis program.

In Vivo Aortic Branches

Spectral width in the waveforms from all locations was
narrow and showed little intra-cycle or inter-location
variation. There was no evidence therefore, of turbulent
like flow disturbance in the in vivo abdominal aorta in the

vicinity of the cranial mesenteric and renal arteries.

In Vitro Aortic Branches

Spectral width in the waveforms from most axial
locations was narrow and showed little intra-cycle or
inter-location variation. However, in the steady flow
experiment with maximum renal branch flow spectral width was
wider than normal at most locations across the aorta 0.5 cm
downstream from the branch. This was the only evidence of
turbulent like flow disturbance in the in vitro abdominal

aorta.



IV. DISCUSSION

A. OPENING REMARKS

The purpose of this thesis was essentially twofeld.
First and foremost, the purpose was to improve the
int~=nretation of the PDUVM signal originating in disturbed
7 .al velocity fields. This was accomplished by comparing
t. PDUVM output under a variety of post-stenotic flow
conditions with the actual velocity field revealed by flow
visualization in an in vitro model. The second major purpose
was to use the PDUVM to search for potentially atherogenic
flow disturbances. This was accomplished by exploring thg
velocity fields in the vicinity of dog abdominal aortic
branches, both in vivo and in vitro, and noting the
conditions under which flow disturbance occurred. In a
separate study under the same objective the effzct of pulse
rate and pulsatility on flow disturbance dewnatream of an in
vitro stenosis was determined. In the process of pursuing
the two main objectives it became necessary to assess the
space resolving power of the PDUVM with respect to the
velocity fields charted. Therefore, a third thesis objective
was to determine the spatial resolution 6f the PDUVM's used.
Another important guestion arose: how did the PDUVM velocity
output compare with the absolute velocities in the charted
velocity fields? Thus, a fourth thesis objective involved
assessing the capacity of the PDUVM to measure velocities

absolutely. The thesis results will now be discussed in the

176
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context of the four objectives named abnve, beginning with
the most straightforward purﬁose - determining the PDUVM
spatial resolution, and concluding with the most theoretical
purpose - investigating the hemodynamic basis of

atherosclerosis,
B. PDUVM SPATIAL RESOLUTION

Sample Volumes

The moving string technique (Walker et al., 1982) for
measurement of PDUVM sample voiume dimensions was chosen
here to maximize convenience and minimizé¢ cost. Other
technigues, such as the underwater jet (Baker and Yates,
1973; Jorgensen et al., 1973), moving magnetic tape (Morris
et al., 1973), steel hemisphere point reflector (Knox et
al., 1982), and vibrating point reflector (Hoeks et al.,
1984) have been used by other workers. There is apparently a
lack of consensus as to which technique is the best,
although Hoeks et al. (1984) argue against the moving string
method and favour the use of a vibrating point reflector.

The near field diameter of the ultrasonic beam emerging
from an unfocussed PDUVM transducer is primarily determined
by the transducer radius (Morris et al., 1973; Zagzebski and
Madsen, 1982). Thé beam is collimated in the near field but
diverges from the beam axis in the so-called far field at an
#nijie proportional to the arctangent of the ratio of the

vitrasound wavelength to the transducer radius (Morris et
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al., 1973). Thus, the lower the transmission freguency, or
the smaller the transducer radius, the greater the beam
divergence in the far field. Since the radius of the 20 MHz
transducer was 0.5 mm, and that of the 10 MHz transducer was
1.5 mm, their near field lengths were 3.3 mm and 14.6 mm,
respectively (assuming a speed of ultrasound in tissue of
1540 m/sec and using the field length equation quoted in
Morris et al., 1973). Using the same data, the calculated
divergence angle for the 20 MHz far field is 8.8 degrees.
The sample volume diameter measurements on the 20 MHz
transducer were made at ranges (2.5 to 7.3 mm) which
encompasssed both the near and far fields. This was not the
case with the 10 MHz transducer, the maximum range being 8.9
mm. Given that the sample volume diameter is essentially the
ultrasonic beam diameter at a specified sound intensity, it
follows that the above considerations can be used to explain
the 20 and 10 MFz transducer sample volume diameters at the
various range gate positions.

The variation of the 20 MHz sample volume diameter with
range gate position is more easily explained than the 10 MHz
variation. Only one (at the range gate position of 2.5 mm)
of the 20 MHz sample volume diameter measurements is within
the calculated near field so it is not possible to check for
beam collimation. However, the remaining diameter
measurements show a gradual increase at each successive
range gate position, which is consistent with the

¢heoretical prediction of a small divergence angle in the
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far field. Furthermore, in laminar flow velocity profile
experiments (see also below) the 20 MHz signal decreased in
amplitude markedly with range gate positions beyond about
five mm. This is also consistent with far field behaviour
(Morris et al., 1973). Because the variation in 20 MHz
sample volume diameter was small it was concluded that a
correction for variation was negligible and unnecesary for
the present purposes. Thus the overall mean diameter of 0.69
mm was sufficient to describe the 20 MHz sample volume
diameter between range gate positions of 2.5 and 7.3 mm.

The variation of the 10 MHz sample volume diameter with
increasing range gate position was opposite in direction to
the 20 MHz diameter variation. The observation that there
was no divergence of the 10 MHz sample volume diameter
betveen range gate positions of 2.8 and 9.9 mm is consistent
with the theoretical prediction of a near field extending to
14.6 mm., In laminar flow experiments (see below) the 10 MHz
signal was much stronger than the 20 MHz signal at
approximately.five mm or more. Thus at this range the 10 MHz
signal was strong in the near field while the 20 MHz signal
was weak due to far field reduction proportional to the
inverse square of the distance from the transducer (Morris
et al., 1973). What was surprising was the observed
reduction in 10 MHz sample volume diameter within the near
field. Apparently some focussing (Zagzebski and Madsen,
1982) of the transducer was 6ccurring which was not

mentioned in the manufacturer's manual. Like the variation
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of the 20 MHz sample volume diameter the variation of the 10
MHz diameter- over the range studied was considered small and
therefore not requiring a correction. Thus the 10 MHz
overall mean sample volume diameter of 1.09 mm was
considered representative of the diameter between range gate.
positions of 2.8.and 9.9 mm.

The sample volume results, ultrasonic beam geometry
calculations, and laminar flow signal strength observafions
discussed above suggested that the useful range of the 20
MHz PDUVM was limited to five mm along the ultrasonic axis.
By contrast, the corresponding considerations suggested that
the 10 MHz PDUVM had a useful range of at least 9.9 mm and
probably closer to 14.6 mm. Therefore it was decided that
the 10 MHz PDUVM should be used for the relatively large
diameter (10 mm) aortic velocity measurements which required
range gate settings outside the useful limit of the 20 MHz
PDUVM, The latter, with its smaller sample volume diameter
and thus greater spatial resolution {(Morris et al., 1973;
Knox et al., 1982) was selected for investigation of the
relatively small diameter (six mm) post-stenotic velocity

fields.

Laminar Flow Velocity Profiles

At the outset of the laminar flow experiments it was
decided to move the sample volume across the 5.4 to 5.5 mm
" tube diameter in increments of 0.4 mm using the electronic

range gate control. This allowed comparison of the spatial
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resolution of both velocimeters under real flow conditions
when the 20 MHz device was operated outside of its near
field and the 10 MHz unit was operated within its near
field. Such a comparison would also reveal the respective
capacities of these two velocimeters to measure flow
velocity absolutely (see 'PDUVM Velocity Output' below).
Using the 0.4 mm increment both the 10 and 20 MHz PDUVM's
produced distinct increments in flow velocity between most
of the sample vclume positions. The 20 MHz PDUVM velocity
profiles computed from the spectral mode followed more
closely the theoretical profiles for laminar flow in the
near half of the tube than in the far half. This emphasized
the range limitation of the 20 MHz device and restricted its
use mainly to a maximum depth of 4.5 to 5.0 mm
-(centrestream) in the post-stenotic experiments. Spatial
information in the post-stenotic velocity field was obtained
by moving the sample volume across the tube diameter in the
horizontal plane with the range setting fixed.

The 10 MHz PDUVM velocity profiles did not follow the
theoretical profiles as closely as the 20 MHz profiles, but
they were more consistent across the whole tube. The former
observation can be explained on the basis of the larger
sample volume size of the 10 MHz device, thus giving it a
poorer spatial resoluticn. The latter observation can be
explained on the basis of the already described superiority
of the 10 MHz PDUVM signal at range settings beyond five mm.

Thus the extended range capability of the 10 MHz device was
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emphasized and further directed its application toward the
exploration of large diameter abrtic velocity fields.
Because of the distinct velocity increments produced by both
PDUVM's between radial positions separated by 0.4 mm under
laminar flow conditions it was concluded that both devices
had spatial resolutions of 0.4 mm or better along the
ultrasonic axis. From this, a more general conclusion was
made: the functional spatial resolution of both PDUVM's was
approximately 50 percent of their sample volume dimensions.
Accordingly, when spatial increments of 0.5 and 1.0 mm were
chosen for the exploration of post-stenotic and aortic
velocity fields, respectively, the velocity results obtained
wére considered to have spatial resolutions well within the

capacities of the PDUVM's used.

Comparative Spatial Resolutions

Five MHz PDUVM transducers are often used in clinical
practice (Phillips et al., 1983; Ku et al., "985b). They
usually have large diameters, on the order of 10 mm (Baker
and Yates, 1973; Knox et al., 1982). Thus it is not
surprising that the 5 MHz transducer used by Walker et al.
(1982) had a much larger sample volume (diameter 3.7 mm,
depth 2 mm) than the sample volumes reported here. Therefore
the PDUVM's used here have spatial resolutions superior to
the typical clinical device. Furthermore, because of their
relatively small sample volumes, the PDUVM's used here

provide a much better distinction of spectral broadening due



183

to post-stenotic turbulence from broadening due to
jet/separation zone velecity gradients than the typical

clinical PDUVM.

C. PDUVM VELOCITY OUTPUT

Having established the spatial resolutions of both
PDUVM's, the next question considered was: to what extent
can each device measure flow velocity absolutely? The answer
was obtained by comparing the velocity profiles measured
with both velocimeters under conditions of steady laminar
flow with the theoretical profiles for the same flow
conditions. There were two essential findings. First, the
maximum (centrestream) PDUVM velocity consistently
underestimated the theoretical maximum. Second, the tube
diameter, as determined by the intercepts of the velocity
profile with the zero velocity axis, wasz always
overestimated. This distoftion of the :rue velocity profile
has been observed by other PDUVM users (Baker, 1970; Miller
et al., 1972; Garbini, 1973; Jorgensen et al., 1973;
Jorgensen and Garbini, 1974). The distorted velocity profile
is an image formed by the mathematical operation of
convolution between the PDUVM sample vqlume and the true
velocity profile (Jorgensen et al., 1973).

Perhaps the most precise statement on the relationship
between the PDUVM sample volume and the PDUVM image profile
has been made by Garbini (1973). He described the velocity

resolution of his PDUVM in terms of the ratic of the sample
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volume depth ('PL') to the tube diameter ('D') containing
flow. Specifically, he stated that when the PL/D ratio is
less than 0.1 the PDUVM velocity profile is 'a fairly good
representation of the true profile.' When the PL/D ratio is
greater than 0.2 the PDUVM profile becomes 'an increasingly
poor approximation.' The minimum PL/D ratios for the PDUVM's
used here are 0.125 for the 20 MHz device and 0.169 for the
10 MHz unit (using a tube diameter of 5.5 mm). On the basis
of Garbini's guidelines these numbers suggest that the 20
MHz PDUVM velocity profiles should more closely approximate
the true laminar flow profile than the 10 MHz PDUVM
profiles. This was indeed the case at all four Reynolds
numbers studied.

In order to make accurate volume flow or wall shear
stress measurements from a PDUVM velocity profile the
Doppler profile must represent the actual profile as closely
as possible. The best method for correcting the distortion
due to convolution is the deconvolution algorithm (Garbini,
1973; Jorgensen and Garbini, 1974). Application of this
method to the present results was conéidered but not pursued
due to its complexity. Instead, a simple correction based on
the use of the maximum frequency in the PDUVM signal
spectrum was performed.

It was reasoned that at centrestream underestimation of
the peak velocity will occur when the spectral mode or mean
is used in the Doppler equation because neither of these

frequencies estimates the highest velocity in the sample
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volume. The peak centrestream velocity can be recovered by
substituting the spectral maximum eight 4B above the mode
(the upper contour frequency) or one standard deviation
above the mean into the Doppler equation. As illustrated in
the results section (figure 19), because of sample volume
overlap the use of the spectral maximum results in a similar
peak velocity estimate for the centrestream sample volume
and the two volumes immediately adjacent to it. Since the
spéce between points in the laminar flow experiments was 0.4
mm and the minimum sample volume depth was 0.69 mm it was
obvious that sample'volume overlap was occurring both for
the 20 and 10 MHz PDUVM's.

It was reasoned that removal of the two centre-adjacent
points from a spectral maximum based PDUVM velocity profile
would n~t result in a loss of veloéity information.
Furthermore, such a manipulation, combined with a shifting
of points toward centrestream, would adjust for the PDUVM
overestimation of the tube diameter. When this convolution
coﬁpensation procedure was performed, the improvement in the
PDUVM velocity profiles wvas dramatic for both velocimeters.
Such an improvement provides a means for enhancing the
accuracy of volume flow measurement by velocity profile
integrétion. Gill (1985) reviews the velocity profile
integration technique and comments on its sources of error.
The spectral maximum convolution compensation method
reported here provides a means of reducing the error caused

by the finite spatial resolution of the PDUVM when volume
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flow is measured by the velocity profile integration
technigue. It must be emphasized, howevar, that the
compensation -method assumes sample volume overlap. This, in
turn, requires a knowledge of sample volume size.

The convolution compensation procedure was not applied
to the measurements of post-stenotic and aortic velocity
fields since it was not applicable to situations other than
steady laminar flow. Furthzsmore, absolute velocity
measurements in these complicated flow situations were not
desired. Instead, it was the nature of flow patterns and the
sources of PDUVM spectral broadening which were sought
after. Pursuit of the same objectives determined that the
spectral mode rather than the spectral mean was used in the
non-laminar flow velocity calculations and computations of
spectral width. Despite the smoother laminar velocity
profiles obtained with the spectral mean this parameter
tends to mask ény asymmetry present in the original PDUVM
spectrum (Langlois et al., 1984). The mode does not mask
spectral asymmetry and therefore was chosen as the spectral
parameter which best represents the Doppler signal.

PDUVM spectril asymmetry is a frequent clinical
finding, for example the closing of the systolic window
downstream of a high grade stenosis (Blackshear et al.,
1980). Three situations in which spectral asymmetry o=curs,
and the reason for each instance of asymmetry, are as
follows. The PDUVM detects all velocity vectors traversing

its sample volume. The vectors which deviate the least from
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the ultrasonic axis will be recorded as the higﬁest
frequencies in the PDUVM spectrum and vice versa. In
turbulent flow, which is known to occur downstream of a
stenosis, some of the velocity vectors will be oriented
along or close to the ultrasonic axis. However, most of the
vectors will be randomly oriented away from the PDUVM axis,
resulting in a preponderance of low frequencies in the
signal spectrum. Thus the PDUVM spectrum will be asymmetric
in turbulent flow, with the lower end of the spectrum being
broader than the upper end. If the PDUVM sample volume is
placed in the shear layer between a post-stenotic jet and
the low velocity recirculation zone surrounding it spectral
asymmetry may also occur. The part of the sample volume
closest to the jet will detect high velocity, unidirectional
flow. The part closest td the recirculation zone will detect
low velocity flow. The part of the sample volume placed
within the centre of the shear layer will detect a wide
range of flov velocities. If the sample volume is closer to
the jet, i.e. near centrestream, the mode frequency will be
situated near the top of the spectrum, and the spectral band
between the mode and the bottom of the spectrum will be
broader than the band between the mode and the top of the
spectrum. This would also result in closing of the systolic
window and is a likely cause of this effect in the clinical
situation since diagnosis is made with centrally placed
sample volumes. By contrast, if the sample volume is closer

to the recirculation zone, the PDUVM spectrm will be
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asymmetric in the opposite direction. In particular, the
mode frequency will be near the bottom of the spectrum and
the spectral-band between the mode and the top of the
spectrum will be broader than the band between the mode and

the bottom frequency.
D. PDUVM RECOGNITION OF POST-STENOTIC FLCW REGIMES

A Clinical Question

The previous discussion of the PDUVM velocity output in
laminar flow may be of limited interest to the clinician who
more frequently encounters disturbed flow downstream of
arterial stenosis. A reasonable guestion for such an .
individual to ask is: what useful information does the PDUVM
provide when its sample volume is placed in the
post-stenotic velocity field? The results which presented a
comparison of the PDUVM output with the actual post-stenotic
velocity fields revealed by flow visualization provide an
answer to this question. The essential answer is that three
different types of post-stenotic flow regimes are readily
identifiable with the PDUVM: jet flow, separated flow, and

turbulent flow.

Jet and Separated Flow
Both the steady and pulsatile flow experiments pointed
out the types of flow regimes identifiable with the PDUVM

immediately Qownstream of stenoses. In steady flow
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immediately downstream of stenoses a comparison of PDUVM
velocity profiles and particle displacement vectors showed
that the PDUVM was capable of detecting separated flow and
jet flow. Short vectors located near the post-stenotic walls
and which corresponded in direction with the the near wall
components of the PDUVM velocity profile snowed that flow
separation was detectable. Long, forward-directed vectors
located near centrestream indicated that the PDUVM was
indeed recording jet flow at that location., Two different
types of flow separation were identified, one with forward
flow and one with reverse flow. As mentioned in the results
section the former flow regime, which corresponded to a low
forward shoulder on the PDUVM velocity profile, may be due
to a complicated helical flow which turns back on itself
after the initial separation and reversal. The cause of such
a complicated flow may be asymmetry in the stenosis
geometry, since such geometric factors are known to induce
asymmetric veloéity profiles (Lesvesqgue et al., 19%8). The
reverse flow regime is typically expected in a sapar;ted
flow downstream of a stenosis (Ahmed and Giddenz, 1983a).
Steady flow visualization velocity vectois were
computed from the displacement vectors by <diwvision by the
time lapse over which displacement occeurre:!, The magnitudes
of the flow visualization and PDUVM veluci.ty vectors for the
jet and separation flow regimes taken from nine
post-stenotic experiments were correlated and their

directional correspondence checked. There was a significant
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correlation for the jet regime but not for either of the
separation regimes. This is probably because the jet flow
was one dimensional and therefore accurately recordable with
a single axis PDUVM. On the other hand, the separation flows
were two or three dimensional and would therefore require
multiple ultrasonic axes for accurate recording.
Nevertheless there was 100 percent directional
correspondence between all PDUVM and flow visualization
vectors in both jet and separation flow regimes.

In pulsatile flow immediately downstream of stenoses
results similar to %hose obtained in steady flow were
achieved. Specifically, the high velocity, centrestream
portions of the post-stenotic velocity profiles corresponded
well with visualized long, straight particle streaks
emerging from the stenoses. Thus PDUVM detection of jet flow
was validated. The near wall, low velocity forward and
reverse shoulders of the post-stenotic velocity profiles
corresponded with visualized zones of spherical particles on
either side of the visualized jet. The spherical shape of
these flow visualization particles indicated low velocity,
separated flow was being detected by the PDUVM. An
additional result was obtained due to the time variation of.
the flow. There was a cyclic change in the streak length of
the jet particles emerging from the stenoses. Early in the
pulse cycle the streak lengths were relatively short, during
pulse acceleration the lengths were increased, and at the

pulse peak the langths were at a maximum. Then, during pulse
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deceleration the streak lengths decreased toward the lengths
present at the start of the pulse cycle. The cyclic change
in visualized streak length c¢orresponded well with the
pulsatile variation-in PDUVM mode frequency and therefore
velocity. Thus the PDUVM capacity to detect pulsatile jet
flow was validated. The detection of pulsatile jet flow
above 120 cm/sec (Fd = 4 kHz at 60 degrees, 5 MHz
transducer) is an important diagnostic criterion for
arterial disease (Fell et al., 1981).

The dgtection of separated flow is impertant clinically
since Ku et al. (1985b) have demonstrated that separation in
the carotid bulb is a normal finding, not an indication of
diseaée. Thus a healthy carotid bulb can be identified by a
PDUVM flow separation signal along the bulb lateral wall.
The carotid bulb separation demonstrated by Ku et al.
(1985b) was manifested by reverse flow. The results
presented here point out that a low, forward-directed
shoulder on a PDUVM velocity profile is also suggestive of
flow separation. Furthermore, whereas the present results
showed by a direct method that the PDUVM can identify flow
separation zones Ku et al. (1985b) obtained similar results
by an indirect comparison of PDUVM flow signals in vivo with

LDA flow signals in vitro.

Reasons for Variation in PDUVM Spectral Width
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Jet Sources of Variation

The juxtaposition of jet and separated flows
downstream of a stenosis has important effects on the
ultrasonic spectral width detected. Briefly, the PDUVM
spectral width will depend on the position of the sample
volume relative to the separation zones. If the sample
volume is placed within a separation zone then the
spectral width will be narrow due to the small velocity
gradients present. If the sample volume is placed within
the jet then the spectral width will be broader due to
. the higher velocity gradients present. PDUVM spectral
width will be broadest when the sample volume is placed
in the shear layer betéeen jet and separation zones
since this is a situation where the velocity gradient
within the sample volume is at a maximum,

The bimodal variation.(figures 47 and 48) of
spectral width with the sample volume positioned 0.6 cm
(1 diameter) downstream of the 0.19 cm (90.percent)
stenosis can be explaihed by the above arguments. The
spectra obtained with the sample volume placed in the
visualized (figqure 46) separation zones (e.g. radial
positions 1 to 4 and 9 to+11 in figure 47) wvere
relatively narrow due to the small velocity gradients
present. Because of the high velocities present in the
more centrally situated jet the corresponding PDUVM
spectra were relatively wide (radial positions 6 and 7,

figure 47). With the sample volume centred on the
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so-called ‘shear-layer' between the jet and zones of
separation {(radial positions 5 and 8, figure 47) high
velocities from the jet and low velocities from the
separated flow were included in the the volume
insonated. This increased the velocity gradient present
in the sample volume at those positions and produced the
greatest spectral widths across the radius at this axial
location.

Forster (1977) has suggzsted that spectral width
can be used as an index of turbulence and Hutchison and
Karpinski (1985) have shown a close correlation between
maximum centrestream spectral width downstream of
stenoses in vivo with stenosis grade. The expected
centrestream axial flow characteristics downstream of a
stenosis are described by Young (1979). fhe
post-stenotic jet eventually breaks up and high energy
turbulent flow results. Even further downstream the
turbulence decreases until the flow pattern upstream of
the stenosis is re-established. These results are
consistent with the observations illustrated in- figure
49 and table 6. Immediately downstream of the 0.19 cm
k90 percent) stenosis at the highest flow rate the
centrestream relative spectral width was 167 percent
wider than the width at the furthest downstream
location. R ative spectral width increased to a maximum
of 1.51 acx the 4.3 diameters downstream location, then

decreased to a minimum of 0.24 at 12,7 diameters down, A
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similar axial variation of spectral width was observed
with this stenosis and lower Reynolds numbers and with
the 0.29 .cm (77 percent) stenosis and two higher
Reynolds numbers. The pattern of spectral width is
somewhat different downstream of a stenosis when
continuous wave Doppler velocimetry is used. Maximum
spectral width is found immediately downstream of the
stenosis (Morin et al., 1988). This is in the region of
the jet and flow separation rather than at the point of
jet break up. With the continuous wave technigue most of
the artery is insonated and does not allow separation of
the spectral width increases due to the high velocity
gradient such as occurs between the jet and separation
region from that due to turbulent flow at jet break up.
The fact that maximum spectral width, using
continuous wave technology, is found in the location of
jet and flow separation suggests that the increased
velocity gradient in such regions is a more potent cause
of spectral broadening than the turbulence of jet break
up. The diagnosis of moderate stenosis using pulsed
Doppler techniques is based on midline spectral
broadening without an increase in peak velocity
(strandness, 1986). This situation is best modelled in
these experiments with the 0.4 cm (56 percent) stenosis
at the highest Reynolds number and the 0.29 cm (77
percent) stenosis at the lowest Reynolds number. In

these two examples centrestream spectral broadening
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remained low to 6 diameters downstream. Maximum midline
spectral width, indicating jet break up, thus occurred
relatively far downstream. Flow visualization showed
that there were narrow zones of flow separation up to
the point of spectral broadening. Jet break up then
produced turbulent flow which persisted as far distally
as observations were made. This leads to the speculation
that minimal degrees of spectral broadening used to
diagnose the low grades of stenosis at the carotid
Sifurcation using pulsed Doppler ultrasound may often be
due to insonation of a shear layer between the jet and
separation regions rather than due to the turbuleace of
jet breék up which will be present further downstream.
Many of the lesser grades are due to asymmetric plaques,
so that the choice of the geometric midline may not be
the hemodynamic centrestream and may be in the shear
layef between jet and recirculation zones. The pattern
of the position of maximum midline spectral width
demonstrated in table 6, namely, that the distance
downstream from the stenosis of jet break up varies
inversely with Reynolds number and stenosis grade, is in
agreement with other work (Yongchareon and Young, 1979;
Ahmed and Giddens, 1983b). It is related to the longer
lower velocity jets associated with lower Reynolds

number and lower stenosis grade.
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Other Sources of Variation

The increase in spectral width across centre line
in the laminar flow model (figure 45) appears to be due
to a decrease in signal to noise ratio in the 20 MHz
PDUVM at ranges exceeding half the manufacturer's rated
maximum. This makes sense in light of the earlier
statement that the 20 MHz PDUVM near field ends at a
range of 3.3 mm, beyond which the signal strength
decreases very rapidly (see 'PDUVM Spatial Resolution:
Sample Volumes' above). An apparent effect of amplifier
gain is due to amglification of this effect. As noted
above, the experiments with the post-stenotic model used
the 20 MHz PDUVM at a range of 4.5 mm to avoid this
effect.

Increase in spectral width with incressing Reynolds
number (figure 50) is principally due to tle transit
time of scatterers through the sample vclume (Newhouse
et al., 1980; Garbini et al., 1982). There is also a
contribution from an increasing velocity gradient within
the sample volume (Baker et al., 1978). Using the
relevant velocity profiles and measured sample volume
diameter the contribution of velocity gradiént in the 20
MHz sample volume was estimated at .10 percent of the
total spectral width. Figure 50 suggests that the
velocity effect is relatively small in relation to the
effect of stenosis grade when flow or Reynolds number

changes by a magnitude of two. This is similar to the
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conclusion of an in vivo study in dogs (Hutchison and
Karpinski, 1988). Thus reproducibility will be little
affected -by flow variation in patients in whom
measurements are made under basal resting conditions.
This will be particularly true for extracranial carotid
examinations because of the stability of cerebral blood
flow due to autoregulation. It will, however, tend to
reduce resolution between different diagnostic grades.
in conclusion, the spectral width results discussed
above are in agreement with those of in vivo experiments
which suggest that stenosis grade can be distinguished
using maximum centrestream spectral width (Thiele et
al., 1983; Hutchison and Karpinski, 1985). However, the
conditions of these measurements should be
re-emphasized. The recordings were made with a constant
Sample volume range and a hemodynamic centrestream
sample volume position. This means that sample volume
size was kept constant and the shear layer between jet
and flow separation was avoided. The effect of variation
in volume flow is small compared to the effect of
stenosis gréde in the range likely to be encountered
under basal conditions. The aécuraté estimation of
stenosis grade from spectral width requires compensation

for such variables.
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Jet Breakup in Pulsatile Flow

The overall axial pattern of pulsatile flow regimes was
very similar -to that seen in steady flow. Immediately down
stream of the stenosis there was a centrestream jet
accompanied by peripheral regions of flow separation. Flow
visualization verified that the jet velocity varied with the
time in the pulse cycle. Further downstream the jet broke up
into turbulent type flow. The turbulence diminished with
increasing distance from the stencsis until laminar flow was
reestablished. Turbulent jet break up occurred mainly during
the period of pulse deceleration and was characterized by a
sudden expansion in the PDUVM spectral width which was
termed 'bursting.’' The timing of the jet break up results
reported here is consistent with that obtained by others,
i.e. the flow disturbance occurreé¢ during pulse deceleration
(Cassanova and Giddens, 1978; Khalifa and Giddens, 1981;
Giddens and Khalifa, 1982; Talukder et al., 1986). As was
observed in steady flow the post-stenotic pulsatile spectral
“width peaked ét the site of jet break up determined by flow

visualization.
E. THE HEMODYNAMIC BASIS OF ATHEROSCLEROSIS

Wall Shear Stress
As was outlined in the introduction, several
hemodynamic theories of atherogenesis are based on the

exposure of arteries to abnormal levels of wall shear
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stress. In order to test these theories it is necessary to
measure wall shear stress in arteries undergoing atherogenic
change. The PDUVM would appear to be the most suitable
device for such an investigation because of its non-invasive
nature. However, its spatial resolution has been questioned
(Ru et al., 1985a). In a series of steady laminar flow
experiments the feasibility of wall shear stress measurement
using the 10 and 20 MHz PDUVM was assessed.

The results are not reported in detail because of their
tangency %o the main results of this thesis. Initially, a
linear regression of seven to eight near wall velocity
points was used to obtain the velocity gradient. These
points were all close to the wall, the increments being 0.1
mm for the 20 MHz PDUVM and 0.2 mm for the 10 MHz PDUVM. The
PDUVM wall shear stress was then calculated by multiplying
the wall velocity gradient by the previously measured fluid
viscosity. This wall shear stress deviated from the
theoretical shear by 31 to 46 percent for the 20 MHz
velocimeter and 50 to 70 percent for the 10 MHz device. The
best results were obtained when a complete 15 point (0.4 mm
between points) velocity profile was fitted to a second
order curve (3.7 to 7.5 percent deviation from the
theoretical for the 20 MHz PDUVM, 4.8 to 11.4 percent
deviation for the 10 MHz PDUVM) and the velocity gradient
determined by differentiation. Thus it was concluded that it
is possible to measure wall shear stress with the PDUVM in

steady laminar flow.
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In theory, there is the possibility of extending this
successful method to the measurement of wall shear stress in
disturbed or -recirculating flow. It would require fitting
the PDUVM-measured points to an appropriately shaped curve
and differentiating the curve to obtain the velocity
gradient at the wall. Such a method would obviously be much
more labourious than fitting a few near wall points to a
straight line as has been done with the laser Doppler
‘anemometer in vitro (Bharadvaj et al., 1982a). Nevertheless,
the possibility that highly accurate wall shear stress
measurements can be made with the PDUVM, especially after
deconvolution of velocity profiles, cannot be discounted.

In the context of the hemodynamic theory of
atherogenesis two major investigativé approaches were taken.
First, the relationship between pulse rate, pulsatility and
arterial flow disturbance was investigated in vitro. The
results of this invescigation would allow indirect
inferences to be‘made concerning the influence of these two
important circulatory parameters on the possible atherogenic
effects of flow disturbance. Flow disturbance was generated
by the convenient means of a stenosis. In the second
approach, the velocity fields in the vicinity of dog
abdominal aortic branches were explored in vivo and in
vitro. This would reveal whether or not flow disturbances

vere present at this Erequent site of atherosclerosis.
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Pulsatile Post-Stenotic Flow

Nerem and Seed (1972) and Nerem et al. (1972) in
experiments in the dog aorta and D'Luna et al. (1982) in
experiments downstream of jn vitro stenoses found that
arterial flow disturbance decreases with increasing pulse
rate. Their conclusion is at variance with that of Yellin
(1966), who found that increasing pulse rate increased
turbulént flow disturbance in constant area rigid tubes. The
conclusion of Hale et al. (1955) from work in the dog
femoral artery would appear to agree with that of Yellin.
The conclusion of the pulse rate experiments reported here
was that flow disturbance decreased with increasing pulse
rate. This was based on the fisiding that at the
post-stenotic axial site where time average relative
spectral width reache@ a maximum, this spectral width
decreased with increasing pulse rate. Thus the conclusion
reached here supports that of Nerem and Seed (1972), Nerem
et al. (1972),.and D'Luna et al. (1982). If such a position
is correct then under exercise conditions when pulse rate
and Reynolds number are increased the increased pulse rate
might suppress the development of flow disturbances that
would normally develop due to the increased Reynolds number.

Yellin (1966) found that increasing pulsatility _
decreased flow disturbance production. It should be noted,
however, that the pulsatilities studied by Yellin were quite
low and lower than the minimum studied here. The conclusion

of Yellin is perhaps the opposite to what one might expect.
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A logical expectation would be that increasing the
pulsatility would increase acceleratien energy input o 3
given waveform. Assuming conditions were such that s.~ flow
disturbance was occurring, the greater the energy :nj.* tie
greater the expected output in the decealeration phase.
Consequently the observed turbulent energy dissipation would
be expected to be more intense at elevated vulsatilities.
Nerem and Seed (1972) mentioned pulsatiliiy as being 'of
interest' with respect to flow disturbancz devalopment but
did not study it. Indeed, there appears to be no evidence in
the literature to support the position of Yellin or the
expected influence of pulsatility on flow disturbance as
described above. The conclusion of the pulsatility
experiments reported here was that, over the range studied,
pulsatility did not influence the magnitude of time average
relative spectral width. Therefore, no effect of pulsatility

on flow disturbance was apparent.

‘Branched Aortic Flow In Vivo

The velocity contours in the dog aorta immediately
downstream of the origin of the cranial mesenteric and renal
arteries show a zone of reverse velocities during the
post-systolic minimum of the pulse cycle. These reverse
velocities occur oppoéite the branch and indicate transient .
recirculation. There was no evidence of recirculation during
the peak systolic part of the cycle such as is found in vivo

downstream qf an arterial stenosis., This feature of the
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post-stenotic velocity field has been previously
demonstrated (Greene and Histand, 1979; Hutchigon and
Karpinski, 1985) and is further illustrated by the results
presented in figure 32 for comparison with the velocity
fields downstream of the aortic branches. Recirculation
zones have been described in steady flow model experiments
in the parent vessel opposite branches (El Masry et al.,
1978; KRarino et al., 1979; Houle and Roach, 1981). Lutz et
al. (1983) also demonstrated such zones of recirculation
with steady flow in their double branching model. Persistent
recirculation was not present, however, in their model of
the canine celiac and cranial mesenteric arteries, when
pulsatile flow was used. Instead, a transient velocity
raversal occurred during the post-systolic phase of the
cycle in the main vessel opposite the origin of the
branches, similar to that found in these in vivo
experiments. At peak systole they also described asymmetric
velocity'profiles without recirculation, similar to that
occuring along thz diameter from the branch origin in the
present experiments. Aortic flow, Reynolds numbers, and flow
distribution to the mesenteric artery in the present
experiments were in the ranges used in their model
experiments. The results reported here therefore support the
caution of Lutz et al. (1983) against the applicability of
results from steady flow model systems to in vivo arterial

systems.,
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While the results of the experiments at the left renal
artery supported the findings at the mesenteric branch two
individual experiments are worthy of note. In one the renal
arteries arose at the same axial position and in the other
there was marked axial separation of the origin of the right
and left renal arteries. A comparison of the results of
these two experiments illustrates how individual variation
in the site of arterial origins can affect velocity
patterns. In the aorta in which the renal arteries arose at
the same axial position there was no asymmetry of the
velocity field ané no suggestion of recirculation at any
point in the cycle below the origin of the two arteries.
Conversely, in the aorta with wide separation of the two
renal arteries there was a transient zone of recirculation
on opposite sides of the aorta below each of the arteries.
Midway between the two arteries the velocity field was
symmetrical but in the post-systolic phase of the cycle
there was transient recirculation distributed around the
circumference of the aorta. This would suggest that while
models based on average anatomy (Zarins et al., 1983; Ku et
al., 1985a) are useful, it is important to explore the range
of geometry encountered in vivo.

While these experiments suggest a marked variation
between the in vivo pulsatile situation and the steady flow
model experiments of similar geometries there is evidence
that the differences are not so‘dramatic at other sites. Ku

et al., (1985a) have shown that the recirculation zone
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demonstrated at the outer wall of the carotid bifurcation in
a model using steady flow (Zarins et al., 1983) persists in
the presence .of pulsatile flow. The size of the
recirculation zone does, however, fluctuate during each
pulse cycle resulting in exposure of one areé of the wall to
marked oscillatory shear, a situation which was not of
course indicated by the steady flow experiments. Similar
persistence of a recirculation area with variation in size
during the pulse cycle has been reported in glass models of
symmetrical bifurcations (Malcolm and Roach, 1979). Evidence
of recirculation at the normal human carotid bifurcation has
also been reported (Phillips et Aal., 1983).

These experiments also suggest that blood flow in the
abdominal aorta of the anaesthetized dog is relatively
stable and not subject to turbulent type flow disturbances.
The narrow spectral width of the Doppler signal found in all
the experiments reported here suggests that turbulence or
transition to turbulence is not present at this site. This
is at variance with the suggestion of turbulence in the
rabbit abdominal aorta by McDonald (1952). In a number of
midline Doppler velocity waveform recordings in the
abdominal aorta of rabbits and cats Hutchison and Karpinski
(personal communication) found that spectral widths are very
narrow which suggests that blood flow is undisturbed at this
location in these smaller animals (unpublished
observations). Nerem and Seed (1972) have reported evidence

of turbulence in the dog ascending and descending thoracic
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aorta but only in occasional animals where peak Reynolds
numbers were considerably in excess of those found in the

present experiments in the abdominal aorta.

Branched Aortic Flow In Vitro

The cast-derived in vitro branch model provided an
opportunity to study branched aortic velocity fields with
different flow conditions but the exact same geometry as
occurred in vivo.

The steady flow experiments furnished a number of
useful conclusions with respect to abdominal aortic flow in
the vicinity of the right renal branch. First of all it is
clear that the aortic velocity field is strongly influenced
by the presence and amount of-renal branch flow. Thus in the
absence of renal branch flow the aortic velocity contours
were symmetric and all forward in direction. With increasing
renal flow the forward contours skewed toward the branch
ostium and zones of reverse flow appeared. The latter were
situated oppésite rhe branch opening as has been
demonstrated in other steady flow experiments (El Masry et
al., 1978; Rarino et al., 1979; Houle and Roach, 1981). At
the two highest renal flows there were paired zones of
reverse velocity opposite the branch ostium; each member of
the pair lying on either side of the aortic diameter in the
plane of the branch. A similar observation was made by
Karino et al. (1979) and Karino and Goldsmith (1985) in

their in vitro steady flow experiments. They called their
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reverse flow zones "paired vortices." The increased spectral
widths and erratic waveforms seen in the aortic velocity
field with the maximum (56 percent) renal branch flow are
suggestive of turbulent flow. However, it is unlikely that
turbulence due to this factor would occur in vivo since a 56
percent renal branch flow is probably not within the
physiologic range. Moreover, as described below, a similar
flow disturbance did not develop at the maximum renal branch
fldw under more physiological conditions of pulsatile flow,
The pulsatile in vitro branch experiments extended the
.results of the in vivo branch experimunts to a broader range
of branch flows. As observed in vivo, t~~ jn vitro aortic
velocity contours recorded near peak systole (200 msec after
the triggering sync pulse) showed no éign of reverse flow at
any'of the branch flow rates. The same contours, when there
was a finite branch flow, e#hibited asymmetry similar to
that seen in vivo.at peak systole. Reverse velocities were
present in the post-syétolic phase of the puls: cycle and
occupied large regions ﬁithin the aortic cross-section. The
paired vortex pattern seen in the steady flow experiments
was also apparent in the jn vitro pulsatile flow velocity
contours.-Sometimes the palred vortex pattern was revealed
in isolated contours on either side of the aortic diameter
in the plane of the renal branch. Usually, however, there
were no isolated reverse velocity contours. Instead, the
paired vortex was made manifest in reverse velocity peaks on

either side of the aortic diameter in the plane of the renal
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branch. In contrast to the steady flow experiments there was
no evidence of turbulence at the maximum branch flow. It is
possible therefore that pulsatile flow suppresses turbulent
type flow disturbances.

The abdominal aorta is a frequent site of
atherosclerosis and many investigators have postulated that
flow disturbances may influence or even initiate the
development of atherosclerotic disease. The results
presented here show that transient paired vortices similar
to those obserQed by Karino et al. (1979) and Rarino and
Goldsmith (1985) occur just distal to canine abdominal
aortic branches. This may give rise to alternating shear
stress similar to tha£ linked with atherogenesis at the
human carotid bifurcation (Ku et al., 1985a).

Ahdominal aortic aneurysm is another frequent clinical
problem which might be related to hemodynamic disturbances.
The mechanism could be similar to that which generates post
stenotic dilatation (Roach, 1979). Downstream of a stenosis
turbulence resulting from jet breakup is thought to vibrate
the arterial wall at frequencies which initia#t structural
fatigue. Thus the weakened post-stenotic wall . ' 13ins to
dilate. In the same way low frequency vibrati =~ .viginating
in the paired vortex demonstrated in the viagsir + - &
abdominal aortic branches could cause struct. v . igue in

the aortic wall which might lead to aneuryém.



V. CONCLUSION

This thesis was mainly concerned with improving the
interpretation of the PDUVM signal in disturbed flow and
with acquiring fresh evidence in support of the possible
relationship between hemodynamics and atherosclerosis. In
order to pursue these objectives steady and pulsatile in
vitro post-stenotic velocity fields were explored with a 20
MHz PDUVM and branched in vivo and in vitro aortic velocity
fields were explored with a 10 MHz PDUVM. To render
reporting of the results of these explorations more rigorous
the spatial and velocity resolutions of the two PDUVM's vere
investigated. In particular, the sample volumes of both
PDUVM's were measured and the accuracy of velocity profiles
measured with both devices was tested under conditions of
steady laminar flow in vitro.

With respect to interpretation of the PDUVM signal, it
was shown by flow visualization of steady and pulsatile
post-stenotic flow that the PDUVM can detect jet, separated
and turbulent flow regimes. Furthermore, in steady
poststenotic flow four sources of PDUVM spectral broadening
were demonstrated: placement of the sample volume in the
shear layer between jet and separation zones; turbulence due
to jet breakup; transit time of scatterers through the
sample volume; and use of the PDUVM at the extremes of its
range. The first two sources are expected to arise in vivo
from pathological arterial stenosis. The third source is

expected to result in vivo from physiological flow changes.
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The fourth source is purely an instrument effect.

With respect to the possible relationship between
hemodynamics .and atherosclerosis, it was found that
increasing pulse rate decreases PDUVM spectral width but
pulsatility does not affect spectral width. Since changes in
PDUVM spectral width can be interpreted as alterations in
the level of flow disturbance it would appear that
increasing pulse rate decreases flow disturbance. If flow
distufbance is invo;ved in atherogenesis then this result
would suggest that increasing pulse rate would have an
inhibitory effect on the disease process.

Also with respect to the possible relationship between
hemodynamics and atherosclerosis, transient in vivo flow
recirculation was observed in the post-systolic phase oif the
pulse cycle at the abdominal aortic wall opposite the branch
artery. There was no recirculation at the systolic peak but
there was asymmetry of the velocity contour; In a
cast-derived, geometrically exact in vitro abdominal aortic
model in steady and pulsatile flow paired reciréulation
zones (vortices) were detected along the aortic wall
opposite the branch at moderate to high branch flow rates.
These results offer an explanation as to why atherosclerotic
disease tends to be localized near the branches of the
abdominal aorta.

With respect to determining the limitations of the
PDUVM method, measurement of the 20 MHz PDUVM sample volume

dimensions and laminar flow velocity profiles confirmed that
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its spatial resolution was well within the 0.5 mm increments
used in the post-stenotic experiments. Similarly the 10 MHz
sample volume and laminar flow velocity profile measurements
confirmed that the 1.0 mm increments used in the branched
aorta experiments did not exceed the spatial resolution of
this device. The laminar flow velocity profiles measured
with both PDUVM's were distorted in comparison to the
expected theoretical profiles due to the convolution of the
sample volumes with the actual velocity fields. A
compensation for convolution restricted to laminar velocity
profiles was developed, rendering these sufficiently
accurate to be integrated. Such integration would allow the
PDUVM to be used for the measurement of volume blood flow.'
The overall conclusion is that the PDIJVM can be used to
accurately map arterial velocity fields. I: is therefore a
highly useful instrument in the diagnosis .of arterial
disease, in the testing of hemodynamic theories of
atherogenesis and has the potential to measure volume blood

flow.
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APPENDIX

At the time of printing of this thesis some of its
contents had already been published in the following two
journals:

J. Blomechanlds, vol. 21, no. 4, pp. 277 - 286, 1988.
Authors: K.J. Hutchison, E. Karp1nsk1, J.D. Campbell (
thesis author ), and A. Potemkowski.

Ultrasound Med. Biol., vol. 15, no. ?p. 611 - 619, 1989,
Authors: J.D. CampBeIl ( thesis author K.J. Hutchison,
and E. Karpinski,

Significant parts of the textual methods, results, and
discussion in these papers were incorporated into the
methods, results, and discussion texts of this thesis.
Furthermore, figures 1 through 9 in the J. Biomech. paper
appear as figures 11, 12, 13, 32, 33, 34, S 3%, 36, and 37
respectively in the the51s. F1gures 1 through 3 and 5
through 9 in the Ultrasound Med. Biol. paper appear as
figures 3, 4, 16, 46, 47, 48, 49, and 50 respectively in the
thesis. Also, table 1 in the ultrasound Med. Biol. paper
appears as table 6 in the thesis.
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