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ABSTRACT

The quantitative capability of Single Transducer
Pq;sed-Doppler Ultrasound (STP-DU) in clinical practice is
limited by the effects of acoustics, tissue, and system
parameters, as well as its inability to obtain precise
measurement of the Doppler angle, which in most cases must
be estimated. In this study, a practical approximation for
the backscattering of a damped sine wave by a volume of
randomly distributed scattered particles has been developed.
The approximation has been applied to_the measurement of a
volumetric backscattered cross section, taking into account
most of the parameters involved in the process. A dual
transducer pulsed-Doppler ultrasound (DTP-DU) has then been
introduced for direct calculation of the Doppler angle and
for accurate determination of blood flow velocities. A com-
parison was also made between STP-DU and DTP-DU models. The
components of the blood flow velocities are used to obtain
the blood flow characteristics such as volume rate and
shear stress, and to express a relationship between blood
flow characteristics and pathological changes, such as
stenosis.

Experimental results based on theoretical investi-

gations are presented. The dual transducer model was

iv



constructed and has been used to obtain the information
needed to verify the theoretical work. The results indicate
that the new transducer model increases dramatically the
accuracy of measuring the blood velocity and thereby
improves our ability to characterize the blood flow patterns

which are valuable for research and diagnostic purposes.
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A DUAL TRANSDUCER PULSED-DOPPLER ULTRASOUND AND ITS APPLICATIONS
IN DETERMINING TURBULENT BLOOD FLOW CHARACTERISTICS

CHAPTER I
INTRODUCTION

Ultrasonic Doppler instruments are now used in many
research centers and hospitals as part of the assessment of
patients with arterial diseases. These instruments, which
utilize Doppler frequency shift on a beam of ultrasound
scattered from the erythrocytes to determine blood velocity,
have many advantages: 1) they are noninvasive and thus may
be used in screening procedures and serial studies, 2)
they provide haemodynamic rather than anatomical infor-
mation (although imaging machines based on the Doppler
principle are now being built, and 3) the basic machines
such as the one used in this study are inexpensive.

The ability of ultrasonic Doppler instruments to mea-
sure blood flow velocity is of great importance in the field
of medicine. Blood flow characteristics, which are related
to pathological parameters inside the artery, are largely
functions of the blood flow velocity. Therefore, accurate
measurement of the velocity can enhance the diagnostic
ability of ultrasonic Doppler instruments. In this study,

we developed a transducer model that improves dramatically

1



2

the measurement of the velocity. In this chapter,we discuss
the Doppler principle, the application of ultrasonic Doppler
instruments in medicine, blood flow patterns, the goal of

this study, and flow chart of this study.

1.1 The Doppler Principle

One of the most significant contributions to medical
technology in recent years has been the development of the
Doppler ultrasound. Doppler ultrasound development is based
on the Doppler radar design, therefore, limitations in
Doppler radar such as velocity-range ambiguity and velocity-
range resolution are applicable here as well. The Doppler
ultrasound is used in the study of moving structures within
the body, and is based on the analysis of the Doppler shifted
frequency signal.

The apparent change in frequency when relative motion
occurs between a source of sound and the observer is called
"the Doppler effect." The Doppler effect happens because of
the propagation velocity of sound in any homogeneous mate-
rial [1] - [3)]. Thus, if a sound source (S) is moving at a
constant velocity toward the observer (R), the time between
two successive peaks of compression is reduced, resulting in
a higher frequency. On the other hand, if the source (S) is
moving away from the observer, the time between two succes-
sive compressions is increased, resulting in a lower fre-

quency. Fortunately, it makes no difference whether the



sound coming from a moving object is generated by the object or
is an echo reflected from the object. The design, based on the
Doppler effect is called the ultrasound Doppler flowmeter.
In this device, the ultrasound source (transducer) is sta-
tionary, and echoes are reflected from moving biological
structures such as red cells in the blood. If the source
and detector are at the same location (as in Doppler ultra-
sound instruments), the object acts first as a moving de-
tector as it receives the ultrasound wave, and then as a
moving source as it reflects the signal. As a result, the
ultrasound signal received by the detector exhibits a fre-
quency shift of

Af = Z'fO'VR/C (1.1)

Equation (1.5) is held only if the ultrasound beam is par-
allel to the direction of the motion of the object. In more
general cases where there is an angle (¢) between the trans-
ducer and flow direction, the frequency shift can be written
as

Af = Z-fO-VR-cos 8/c (1.2)

In general, there are two distinct types of Doppler
ultrasound, continuous  wave (CW) and pulsed-Doppler ultra-

sound [3].

1.1.1 The continuous-wave Doppler ultrasound

The CW device, which was used for the first time by



Satomura (1957) in an attempt to monitor blood velocity non-
invasively, is the simplest Doppler device. A block diagram
of a CW device is illustrated in Figure 1.1. The master oscil-
lator produces a waveform which is amplified by a trans-
mitting amplifier and then drives the transmitting transducer
at its resonant frequency. An ultrasonic beam is then
created and targets within this beam reflect and backscatter
echoes, some of which are captured by the receiving trans-
ducer. The receiving preamplifier is a low-noise device
which amplifies the weak returning echoes before they are
detected in the demodulator. The demodulator compares the
frequency of the received .waveform with the transmitted
waveform, which is derived from the master oscillator. The
output from the demodulator is indeed the Doppler-shifted
waveform with a frequency of Af.

A major disadvantage of the continuous-wave is its in-
ability to discriminate in range. The continuous-wave
transmission creates an ultrasonic beam which occupies the
complete diffraction pattern of the transducer. Any target
moving within this beam will contribute to the final Dop-
pler output. In clinical applications, this problem makes

it impossible to isolate flow in adjoining blood vessels.

1.1.2 The Pulsed-Doppler Ultrasound
Pulsed-Doppler ultrasound combines the range discri-

minating capabilities of a pulsed-echo system with the
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Figure 1.1 A continuous-wave Doppler ultrasound.

velocity detection capabilities of a Doppler device. As in
any pulse-echo system, the principle of operation is to
transmit a short burst of waves towards the target and then
~wait for the echoes to return. Because the sound waves
travel at an essentially constant velocity through human
tissue, the time delay between transmission of the pulse
and reception of the echoes depends upon the range of the
target. When the échoes are sampled for Doppler shifts at
a fixed time after transmission, the resulting Doppler sig-
nal.can originate only from those targets moving within the
sample-volume corresponding to the selected delay time.

The sample volume is that region in front of the




transducer from which all returning echoes have originated.
The dimensions of the sample volume are defined axially by
the pulse length and laterally by the beamwidth of the com-
bined transmitter-receiver system. By choosing to sample
only those Doppler components which return after a preset
constant delay from transmission, it is possible to define
the position of a fixed sample volume and thus interrogate
only those targets moving at a particular range from the
transducer.

Figure 1.2 shows a pulsed-Doppler ultrasound system.
The master oscillator generates a waveform at the resonant
frequency of the transducer. Once every pulse repetition
period, a few cycles of the master oscillation are passed
via the transmission gate and amplified to excite the trans-
ducer. The delay gate generates a time delay which allows
the transmitted ultrasonic burst to travel to and from the
selected range of interest. Returning echoes are then
sampled by opening the range gateand fed to the coherent
demodulator, which is driven by the master oscillator. Each
gated return echo produces a short output pulse from the
device. If required, these samples can be stored (for
example, on a capacitor plate) beforé being updated by the
return of the next reset transmission pulse. This so-called
"sample-and-hold" technique tends to produce a smoother out-

put wave form which can then be low-pass filtered to remove
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and also high-pass filtered to remove low frequency clutter.

Mathematically, the Doppler frequency limit fmax is

Nyquist-related to one-half the pulse repetion frequency fp

max

£
= 2
2

(1.3)




Substituting fmax for Af in the basic Doppler expression

(1.2) gives
_ S fnax
max 2°f0
since
A =L
0 f0
then
Ao
Vmax - 2 fnax (1.4)
Substituting fmax from (1.3) into (1.4) gives
A f
v =—gD—R
max 2 2
Since
1
f = =
T
Pt

~

where lp is period of pulse repetition,
then
_ Ao/t
V = ——

T
max P

(1.5)

indicating that the maximum velocity limit is equivalent to
a A0/4 travel per pulse repetition period.

In addition to the velocity limitation, pulse-Doppler
systems are subject to maximum range restrictions. Because
it 1s necessary to wait for returns from the most distant
target before transmitting another burst, the maximum range

(zmax) which can be unambiguously determined is given by:

_ <.
2 = ST (1.6)



Combining Equations (1.5) and (1.6), gives the relationship

AO'C CZ
Vmax * Zmax = "8 =3@0 (1.7

which indicates that the product of maximum observable velio-
city and range is limited to a constant which is dependent
upon the propagation velocity of sound within tissues and

the frequency of emission.

1.2 Clinical Applications of Ultrasonic Doppler Techniques

Ultrasound, like ordinary sound, is acoustic wave, but

with a frequency above the audible range (20 to ZOkHz

). For
diagnostic purposes, frequencies in the range of 1 to 10

MHz are used. At such high frequencies, the sound moves
along straight lines like a beam of light and can be directed
into the body from a handheld transducer.

The diseases in which the velocity detector has been
found mostly useful can be generally outlined as follows
[39]:

I. Arterial Disease

A. Acute arterial occlusion
1- Localization of occlusion
2- Estimation of length of occlusion
2- Evaluation of the arteries distal to the
occlusion

B. Arteriosclerosis Obliterans

1- Localization of occlusion
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2- Evaluation of the '"run off" vessels
3- Operative monitoring to assess the imme-
diate results of reconstructive arterial
surgery.
C. Congenital Arteriorrenous fistula
1- Differential diagnosis
2- Localization of arterial component of the
fistula
D. Thoracic OQutlet Syndrome
II. Venous Disease
A. Thrombophlebitis
1- Localization of occlusion
2- Evaluation of venous flow dynamics as
influenced by respiratory activity
B. Monitoring of venous flow after iliofemoral
thrombectomy
C. Evaluation of venous flow characteristics
D. Evaluation of the cause of edema of the arms

and legs.

The technique has also been used in conjunction with an in-
flatable cuff to measure blood pressure [2] and is espe-
cially valuable for measurement of blood pressure in the
legs. When it is used with a servo system for cuff infla-
tion, one may even obtain noninvasive recordings of pressure

wave forms [6]. The instrument, [2] and [3], also
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demonstrated the possibility of measuring the blood flow
velocity in the aorta.

For most of the above mentioned diseases, a continuous
wave ultrasound was used. Later (1970) the pulsed-Doppler
ultrasound was introduced and made it possible, for example,
measurements in the heart, because velocities in the differ-
ent cavities and valve areas can be studied selectively.
Scanning the range cell along the ultrasonic beam allows
"velocity profiles" to be obtained. Pulsed instruments
deve loped later give a real-time presentation of time-
variable velocity profile [7].

The main advantage of ultrasonic Doppler instruments
is that measurements can be performed noninvasively. But,
also, invasive measurements have been made with Doppler
transducers mounted at the tip of a catheter, and this
technique has been used in measurements of aortic, coronary,
and intracardiac blood flow velocities [14},f15]. In vas-
cular surgery, measurements have been done directly on
vessels. This procedure has an advantage over other methods,
such as electromagnetic measurements, which require vessel
dissection [16]. It has also been used for guidance during
vascular surgical procedures in the brain [17]. .

In noninvasive measurements in the heart and larger
vessels, an ultrasonic frequency of 1 to 3 MHz can be used.

For invasive measurements and for noninvasive measurements
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in peripheral vessels, 5 to 10 MHz ultrasound has been used.
Experiments with 20 MHz ultrasound also have been used in-
vasively or noninvasively for studies in animals.

One disadvantage of the Doppler ultrasound technique
has been the problem of quaﬁtifying results. This problem
has probably precluded a wider clinical application of
these methods. In early stages of the work (up to 1970)
almost all use of Doppler devices was qualitative, whether
the Doppler signals were recorded and processed as analog
wave forms or the clinician based his conclusion on lis-
tening to the detected signal. It was concluded, that in
most instances, the devices used are not flowmeters, but
rather, flow detectors [2]. Imperative in obtaining an
accurate measurement of the blood flow velocity is the pre-
cise calculation of the Doppler angle (8). It was speci-
fically mentioned in some reports that "even a simple
measurement of mean flow velocity requires that the angle
between the sound beam and the velocity vector be knowrn"
and "recording in the literature that is calibrated in terms
of Doppler frequency shift are both misleading and fre-
quently inaccurate. The investigators did not or could not
make the angle measurements required to quantitate their
data.”

Even current instruments representing state-of-the-

art do not have the ability to accurately calculate the
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Doppler angle. The orientation of the vessel can be visual-
ized by new imaging systems and the Doppler angle between
the transducer beam and wall of the vessel (not flow) can

be measured, but even these very expensive systems are sen-
sitive to small changes in orientation of either the vessel
or the transducer. Therefore, it is very important to
develop a model that can calculate the Doppler angle
directly and precisely. In the present study, we have
developed such a model which is capable of calculating
accurately the Doppler angle rather than using an approxi-
mation. The ability to properly determine the Doppler
angle enables us to acéﬁrately measure the blood velocity
components. Also, by scanning the diameter of the vessel, the
velocity profile and therefore diameter of the vessel can
be calculated and with it the blood flow volume rate. Blood
flow volume rate may be one of the best indications of
available oxygen. It is also an indicator of the ability

of the heart to function as a pump and to maintain normal

body processes.

1.3 Blood Flow Patterns

In order to understand pathological changes of the
blood flow within the vessel of interest, some knowledge of
fluid dynamics in relation to the blood flow is required.

It has long been recognized that fluids exhibit two distinct

types of flow. The first, and the simpler, is laminar flow.
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This type of flow is characterized by a fluid that flows in
a straight line or layer (lamine) [6]. The second type of
fiow is called turbulent flow and is characterized by a
random motion of the individual particles (red cells in the
case of blood).

One of the characteristics of the flow used to distin-
guish different patterns is the Reynolds number. Although
the Reynolds number is not often useful in describing blood
flow because of the frequent changes of the blood vessel's
diameter in the arterial tree, it is a primary factor in
distinguishing the previously identified patterns. Reynolds
found that flow pattern in a circular pipe depends not only
on the velocity of the fluid, but also on the density and
viscosity of the fluid and diameter of the pipe. The thres-
hold for Reynolds number for laminar flow is 2100. Flow
with Reynolds number of less than 2100 is considered in
general to be laminar. Flow with a Reynolds number of more
than 3100 is considered generally to be turbulent. Although
Reynolds number is an important factor in identifying the
type of flow, it is more useful in characterizing laminar
flow. In the turbulent region, however, the flow pattern
is affected more often by wall forces than by fluid vis-
cosity and Reynolds number.

The most important indicator which has been developed

to investigate the blood circulation is the velocity
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profile [2]. It was shown that flow in the laminar core has
a parabolic velocity profile and the turbulent flow has a
more blunt profile across the diameter of the pipe. The
velocity at the wall for all real flows is, of course, equal
to zero, owing to the wall friction forces.

In the area of Doppler ultrasound, attempts have been
made to investigate the blood flow circulation in conjunc-
tion with the pathological changes. Because of the simpli-
city in calculation of the average velocity, most of the
researchers in this area have used the laminar approximation.
Ohmori, et al. (1977) showed that blood flow cannot be con-
sidered laminar in all of the arteries. In fact, in many of
the major arteries, especially in and around the heart,
blood flow patterns are found to be of turbulent nature. In
addition, random motion of the individual blood particles
causes disturbances that appear as fluctuations in the output
signal. In approximating the blood flow as laminar, values
of the fluctuation components are ignored during the pro-
cess of calculation of the flow characteristics. Whereas,
in the turbulent flow, those parameters perform a very
important role in calculation of blood flow characteristics

such as shear stress and turbulent intensity.

1.4 Goals of the Study

In this study, first, we will discuss a practical

approximation for the backscattering of periodic bursts of
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damped sine waves by a volume of randomly distributed
scatterers. This approximation is applied to the measure-
ment of a volumetric backscattering cross-section, taking
into account tissue, acoustics, and system parameters.
Second, a dual transducer pulsed-Doppler ultrasound (DTP-
Du) is developed and will be used for accurate measurements
of the Doppler angle which permits determination of blood
flow velocities. The fluctuation components of the veloc-
ities are then going to be determined and their relationship
to the pathological changes such as stenosis, will be
investigated.

To verify the results of the theoretical works,
various experiments will be performed. The dual transducer
pulsed-Doppler ultrasound is constructed and will be used
to extract information, such as velocity, volume rate and
other characteristics of blood flow. Attempts will be made
to classify the degree of stenosis in the arteries under

investigation.

1.5 Flow Chart

The organization of this study is as follows: In the
present chapter, basic definitions and notations are given..
Also, a detailed discussion of Doppler principle and Dop-
pler instruments and a brief review of the application of
Doppler ultrasound in medicine is presented.

In Chapter II (Literature Review), the theoretical
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investigations of the pulsed Doppler ultrasound in relation
to this study 1is presented. Then the fluid mechanics aspect
of the work is presented in more detail. Finally, in-vivo
and in-intro investigations done by other researchers in
this area are introduced.

In Chapter III, the theoretical investigation in
Communication is presented. Then, the dual transducer model
is presented and its performance is evaluated and compared
with the conventional model. Finally, the fluid mechanic
aspect of the work is discussed.

In Chapter IV, experimental procedure is discussed and
a brief description of different devices used in experiments
is demonstrated.

In Chapter V, experimental results in calculating the
Doppler angle, blood flow velocity, blood flow volume rate
and shear stress using theoretical investigations are pre-
sented.

In Chapter VI, we summarize the results of theoretical
and experimental study and the future work of this study is

outlined.



CHAPTER 11
LITERATURE REVIEW

At the present time, many investigators are using
ultrasonic instruments or are involved in their development.
In recent years, the clinical potential of Doppler ultra-
sound for obtaining important hemodynamic information has
been widely recognized. Growing interest in pulsed-Doppler
ultrasound has stimulated attempts by clinical researchers
to correlate quantitative Doppler information with circu-
latory disease states. ?efore such studies can produce
meaningful quantitative data, it is essential to approach
signal processing in Doppler ultrasound from the principle of
conservation. Retrieval of data by accounting for transmitted
signal propertieé, converting the Doppler signal into the
form from which information concerning velocity can be re-
vealed, analyzing acoustical parameters affecting the back-
scattered signal, obtaining accurate measurements of Doppler
angle, will provide the refined data needed. At present,
the accuracy with which quantitative Doppler information can
be determined is compromised by equipment design which fails
to account for these and other sources of error.

In this chapter, we discuss some of the approaches

18
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introduced by other researchers for processing the Doppler
signal. Also, in this chapter we discuss some in-vivo and
in-vitro analyses for quantitative assessment of the state
of the artery. These investigations can be classified in two
general categories: theoretical investigations and experi-

mental investigations.

2.1 Theoretical Investigaticns

Z.1.1 Processing the Doppler Signal

In recent years, different research groups have tried
to develop methods which use more relevant sensitive infor-
mation in the Doppler signal [9], [S3], [61], [72], [75],
[77]. In this section, some of the theoretical studies are
investigated which are conducted by other researchers closely
related to our study. But, first, the relationship is dis-
cussed between the Doppler signal and blood flow particles
from which the velocity profile in the artery is formed.

In order to describe the velocity profile across the
vessel diameter, consider the situation illustrated in
Figure 2.1, in which it is assumed that a unit length of

the vessel is uniformly insonated with continuous-wave
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ultrasound. Doppler signal is a time-varying wave form
which usually resembles the trace shown in Figure 2.2. The
Doppler signal contains information about flow velocity and
its frequency spectrum is in the audio range. To extract
this information, different methods of decoding, both in

time and the frequency domain, are used.
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Figure 2.2 An example of a Doppler signal.
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The essential problem in time domain analysis is to process
the Doppler signal in some simple way such that particular
parameters related to its frequency content are revealed.
The first step is to examine the time domain signal to find
clues to its frequency content. For the simple case of pure
sinusoid, the problem is elementary: the frequency of the
sine wave is equal to one-half the rate at which the wave
form crosses its own mean level. However, for the case of a
Doppler shift signal from a blood vessel, the problem is
much less straightforward. For instance, low frequency sig-
nals originating from siow moving blood near the wall
combine with higher frequency signals from the center of the
vessel to produce a complicated wave form shape. Also,
noise on the signal can produce unwanted zero crossings.
Relating zero crossings to frequency in any particular
situation is quite difficult but, nevertheless, this prin-
ciple forms the basis for the most popular type of Doppler
shift processor currently in use. However, it is perhaps
true that this widespread popularity has been gained more
from the simplicity of the device rather than from its
reliable and accurate performance characteristics [7].

The theory of operation of a zero crossing detector is
based on a classic theoretical analysis by Rice (1944) who
analyzes the problem by predicting the expected number of
zero crossings from the spectral coherent of the signal.

Atkinson, et al. (1982) and a number of other
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researchers [1-6], [14], [15-16], [29], [46], [62] applied
this theory to the Doppler signal. They showed the echo power
backscattered from the blood in proportion to the velocity den-

sity of red cells (number of red cells in the unit volume) by the

following formula:

P(w)e dw « n(v) -dv (2.1)

&

where P(w) power spectrum and n(v) is the velocity density,
and w and v are related by original Doppler equation (1.2).

The number of zero-crossing proportional to the frequency is

given by equation (2.2):

l— r,wZP(w)dw
r=2 |2 ] (2.2)

_meP(w) dw

As was mentioned earlier, the zero-crossing con-
vertor has numerous disadvantages, especially when the
frequency spectrum of the signal is broad. The continuous
wave ultrasound has a broad band spectrum already, due to

its covering the whole lumen size and this is depicted in

Figure 2.3. 4
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Figure 2.3 The power spectrum of a Doppler signal in CW.
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In the‘case of pulsed Doppler ultrasound, however, the
zero crossing converter is more reliable, since few bursts of
pulse are transmitted to the converter during each pulse repe-
tition period.

The second way of processing the Doppler signal is fre-
quency analysis [7], [101, [12-131, [17-19], [44], [57], [64], [66-
67], [73], [81]. As stated previously in equation 2.1, the power
spectrum of the Doppler signal is proportional to its velocity
density. Therefore, by determining the power spectrum of the
signal, the mean frequency and consequently mean velocity of
the blood flow can be obtained. However, this can be done
under the following assumptions:

a) The blood particles are uniformly distributed.

6) Attenuation is negligible.

c) The medium of the blood flow is homogeneous.

The Fourier transform analysis, however, has been proven
to be an effective tool in characterizing and stating the
status of the blood circulation [74], [80], [83-91], [94-95],
[99], [103-107].

In the processing of the Doppler waveform, the effect
of tissue parameters such as thickness and attenuation
factors must also be considered. Holland, et al. (1984)
stated that the quantitative capbility of pulsed-Doppler
ultrasound in clinical practice is limited by the effect of
thickness and attenuation of ultrasound in tissue as well as
several other parameters which distbrt the Doppler spectrum

of an ultrasonic echo. In that report, results are presented
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of in-vitro experiments which demonstrate the magnitude of
the errors expected in clinical measurements of flood flow
parameters when thickness and attenuation ultrasound in bio-
logical tissue 1is ignored.

Kadaba (1980[, used a modified version of pulse echo
technique to measure the attenuation and backscattering
coefficient of ultrasound. Also in this area [35], [44], [47],
[50],[63],[68],[70],[76] have investigated only the effect of
attenuation and other acoustical parameters on the Doppler
signal. But, the effect of other parameters such as system
and tissue parameters, together with the acoustical para-
meters have not been investigated.

Since the current literature does not investigate the
peripheral factors outlined at the beginning of this chapter,
in this study, the effect of acoustics, tissue and other
elements on the transmitted and backscattered signal are
investigated using an alternate form for the tranmitted

signal.

2.1.2 Determining the Doppler Angle (8)

The Doppler formula as it was shown in Chapter I can
be expressed as
«cos 8/c (1.2)

Af = 2.f. .V

0 'R

As was mentioned in the previous section, through the use
of various techniques of processing the Doppler signal, it

is possible to determine the frequency shift imparted to the
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returning signal by the flowing blood. However, the principal
unknown which remains in equation (1.2) is an accurate deter-
mination of Doppler angle (8). Baker, D.W. [4], Jorgenson,
J.E. [21], Valdescruz, L.M. et al. [34] stated that it is pos-
sible to assume some orientation for the vessel of interest
and then predict the Doppler angle. However, such a procedure
can lead to significant errors in the calculated velocity,
since the relative error in velocity is a function of changes
in Doppler angle

d 4N

(i.e. = tg 6ds).
VR e

For example, if 6 is actually 45° and it is estimated 50°,
the relative error in velocity is 9 percent. The error in
velocity estimation increases by increasing the Doppler
angle. For example, if the actual value of the Doppler angle
is 65° and is estimated 70°, the error in velocity is almost
19 percent. Since the velocity is the primary factor in the
calculation of other characteristics such as volume rate,
velocity profile, shear stress, etc. --the important role of
the Doppler angle becomes more evident.

A second approach to accurately estimating the Doppler
angle, is using the Doppler imaging system [2] in addition
to pulsed-Doppler ultrasound. Gill, R.W.-[60], Nimura, 7.
{20], Brody, W.B.[28], Bournat, J.P. [31], and Nilsson, G.E.
[59] studied the quantitative measurement in deep-lying
vessels. In these studies, sttempts have been made for 10

cating the vessel of interest, calculating its size and
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determining the orientation of the blood vessel by combining
the pulsed-Doppler ultrasound with a B-scan imaging instru-
ment. But, the problem with using this combined system is
that the Doppler angle is described as the angle between
ultrasonic beam and the wall of the vessel, whereas the real
Doppler angle is the angle between ultrasonic beam and the
blood flow, not the wall of the vessel. Therefore, the
quantitative measurements, due to the described system in
these studies, are not accurate enough to describe the real
values of the velocity. In general, the standard system,
alone, or together with the imaging system, are capable of
estimating the Doppler angle in one-dimensional cases;
therefore, they can be used only when flow pattern is laminar.

In this study, we developed a model that can calculate
the Doppler angle more accurately and is capable of obtaining
the velocity components, which is useful not only in laminar

flow, but in turbulent regions, as well.

2.1.3 Blood Flow Pattern

As was mentioned earlier, it is possible to record blood
velocity waveform for many of the blood vessels using a
pulsed Doppler ultrasound. In addition to the method of pro-
cessing and the effect.of tissue parameters on the Doppler
signal previously described, characterizing the waveform in
terms of flow pattern is critical. Because, recognizing the
flow patterncan enhance one's understanding of the flow proper-

ties, and therefore of great help for diagnostic purposes,
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changes on the Doppler signal can be related to pathological
parameters causing those changes. Therefore, it is of great
importance to calculate characteristics of the blood flow
circulation. Specific blood flow characteristics which have
roles in clinical applications include: a) the distribution
of velocity (velocity profile), b) the distribution of the
force on the wall of the vessel (shear stress) and c) the
level of intensity developed at the site of stenosis.

The velocity profile im a laminar flow can be found

from the following procedure. When the flow is within laminar

region, the viscous shear stress 1 1is

T= o P (2.3)

where u is viscosity, u is velocity and r is radius of the
pipe. On the other hand, shear stress in the laminar region
can be expressed in terms of pressure change (Ap) due to the
friction and L, the length for flow, to be fully developed

as:

= L .
T = 5y AP _ (2.4)

Equating equations (2.3) and (2.4) and integrating, u can be

found

or
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2 2
u = 4pD [1‘_ T ]
16Lu D,2
(3)

It can be seen from equation (2.5) that the velocity distri-

(2.5)

bution in laminar flow assumes a parabolic shape. The velo-
city is maximum at the pipe center (r=0) and is zero at the
walls of the pipe (r==g). The maximum velocity can be
found from equation (2.5) as follows:

apD?

Unax =  T6Ly )

max

It was shown that the average velocity in laminar
flow is equal to one-half the maximum velocity. This is
equivalent to the fact that the height of a cylinder is one-
half the height of a parabolid with the same base circle

and the same volume. So

_ _max
Vavg = 72
or
2
. ApD
Vavg 32Lu (2.7

The volume rate of flow (Q) through a circular pipe is given

by the expression
2

Q=v, A=y, (2.8)

Simplicity in calculations and lack of proper instruments
have forced most of the researchers to investigate the
development of the arterial lesion leading to stenosis and

other types of diseases, based on the assumption that blood



29
flow pattern is laminar in most of the cases [7], [8], [31].
But, the problem is, that in laminar flow the fluid para-
meters such as viscous effect, is a predominating factor and
structural changes such as stenosis do not have a signifi-
cant effect on the flow characteristics. Therefore, if the
flow pattern is originally turbulent and approximated as
laminar, significant portions of the data are lost.

Moreover, it was stated earlier that the flow cannot

be considered laminar in all of the arteries. In fact, in
more important arteries such as the coronary artery and the
carotid artery, there are indications of disturbances caused
by turbulency and flow has been categorized as turbulent
(8}, [11], [45], [48-49], [51-52], [69].

In turbulent flow, random motion of individual blood
particles causes disturbances that appear as fluctuation
components on the Doppler signal. Fluctuation components of
the turbulent velocity are very important factors in calcu-
lating turbulent flow characteristics. One of the advan-
tages of being able to detect turbulency in contrast to
laminar flow, is that the characteristics of blood flow are
related to structural and other tissue parameters. In the
proceeding part of this section, the theoretical aspects of
turbulent flow were briefly discussed.

Instantaneous velocities in turbulent flow in x (parallel)

and y (perpendicular) domains are shown by the expressions

Ve = Vx + vy (2.9)
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vy = Vy + v; (2.10)

where v is the average velocity and v' is the fluctuation
velocity. One of the characteristics of turbulent flow is
shear stress. Shear stress is shear force per unit area
acting on the control volume as a result of mass transfer

from one layer of the fluid to another, and it can be

expressed as follows:

T =]J%% -p V& v§ (2.11)

The first part of the right-hand side of equation (2.11) is
molecular contributions and the second part is turbulent
contribution (Reynolds stress) to the shear stress. It was
shown [102] that in turbulent flow, the magnitude of the
Reynolds stress is much greater than the molecular contri-

bution. Therefore, Equation (2.11) can be expressed as

T = -0 vi v} (2.12)

[ Vl

x Vy average of

where p is the density of the flow and v

the product of fluctuétion components.
Another important characteristic which is a function

of fluctuation is the level of intensity of turbulence and

is defined as

= —|2+—12
I-= /[ivx vy )/2 (2.13)

The most important characteristic in any type of flow,

however, is velocity profile. It was shown that velocity
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profile in laminar flow has a parabolic shape. In turbu-
lent flow, especially, in a small pipe such as an artery,
the velocity profile doesn't have a known form and is
dependent upon the value of shear stress, in addition to the
location of the sample volume and pipe radius. For example,

the velocity profile in smooth pipes can be expressed as:

53
= 0 Y
V= Voo ¥ k/p In g (2.14)

Also, unlike the laminar flow in which average velocity 1is
assumed to be one-half of maximum velocity, in turbulent
flow, average velocity is a function of velocity profile and
can be expressed as follows:

(R
. v =}lv'dA

Another important matter to consider is the region of turbu-
lent flow [96-98], [101-102]. fn general, turbulent flow con-
sists of three different regions [23]. In avery thin layer near
the wall of the vessel, when the velocity is low and hence visco-
sity predominates, flow is noted to be laminar. This region is
called laminar sublayer. Immediately inside the laminar
sublayer is a thin region where the velocity is greater and
the effect of friction and viscosity is about eqlllal. This
layer is known as the transition or buffer zone, and the
flow can be laminar and/or turbulent, or both, and possibly
changing with time. The third region constitutes the major

portion of the pipe cross sectional area, and it is the area
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where turbulence is found and where friction forces over-
ride the effect of viscosity. This region is called turbu-
lent core. Distinguishing between these three layers can
enhance the ability to calculate characteristics more effec-
tively.
In the present study, we have developed a direct re-
lationship between blood flow characteristics of turbulent
blood flow and tissue parameters such as thickness, in an

attempt to classify the degree of stenosis.

2.2 Experimental Investigation

2.2.1 In-Vitro Experimental Investigation

In this section, we discuss the in-vitro studies
similar to our work conducted by other researchers. In
in-vitro experiments, it is possible to generate turbulency
and to investigate state of blood flow circulation. There-
fore, most of the studies investigated in this section are
in the turbulent region.

Stein, et al. [89] studies the contribution of ery-
throcytes to the intensity of turbulence in flowing blood.
The intensity of turbulent flow was measured by a hot film
anemometer. It was shown that the intensity of turbulence
depends upon the level of hematocrit (number of erythro-
cytes in plasma). However, in their study, only one compo-
nent of the intensity has been reviewed, due to the use of

one probe, and extracting information about the second



33
component of the intensity is not possible. But, as was
mentioned earlier, intensity of turbulence is dependent
upon both components of the velocity. Moreover, the hot

film anemometer disturbs the flow. Further, it must be

inserted into the artery via surgery; therefore, it is of
little use in real time application.

Stein et al.[90)], studied the effect of complaint
tubes upon turbulent intensity. Turbulence intensity was
again measured with a hot film anemometer. This study
indicates that the compliance of arteries may be a physio-
logical factor that contributes to the reduction of turbu-
lence in the cardiovascular system. Also, in this study,
steps were taken to relate the intensity of turbulence with
the physiological factors, but problems encountered in
previous studies held for this study as well. Walbun et al.
[91], investigated the effect of the branch-to-trunk area
ratio on the transition to turbulent flow (implications in
the cardiovascular system), using a laser Doppler anemo-
meter in glass tubes. Observations from this study suggest
that, for a branch-to-trunk ratio of 0.4 to 0.8, the
critical Reynolds number was relatively constant. As the
branch-to-trunk area ratio incréaséd beyond 0.8, a decline
in the Reynolds number was observed. The velocity profiles
at a branch-to-trunk area ratio of 0.4 showed acceleration
of velocity in the branch, while at an area ratio of 1.4,

the velocity was shown to decelerate. One problem with
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this study is the use of a laser Doppler anemometer which
is useful only for in-vitro analysis not in real time.

Moreover, a single transducer probe is used which is not

satisfactory for turbulent analysis.

In another related study, Stehbens [108] showed that
critical Reynolds numbers are considerably below the gener-
ally accepted value of 2000. In that study, it was sug-
gested that turbulence of blood flow is a factor in initi-
ating the lesions of the arteriosclerosis at the sites of
branching of the cerebral arteries. One very important
observation from this paper and similar papers is that
calculating the Reynolds numbers only to evaluate the
physiological effect of the turbulence cannot be trusted
in blood flow analysis, especially in smaller arteries
and other characteristics such as intensity and shear
stress must also be obtained to have a cumulative result
for analyzing the turbulent flow.

Khalighi et al. [96] have investigated the steady flow
development in a human aorta using a laser-Doppler anemo-
meter. The velocity profiles at several cross-sections in
the ascending aorta, mid-arch and in the brachiocephalic
artery are measured. The velocity profiles for most of
these cases were found to be relatively flat (an indication
of turbulency). This study also investigated the effects
of a physiological abnormality such as thrombus formation

and tissue overgrowth on the flow pattern. In addition to
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this study, Saad et al. [97] investigated the velocity

field in the neighborhood of axisymmetric constrictions in

rigid tubes using laser Doppler anemometer, and at Reynolds
numbers characteristic of large arteries. Stenosis of 25,
50 and 75 percent area reduction were studied. Velocity
profiles were presented in sufficient detail to allow compar-
ison with biofluid dynamics models. Wall shear stresses
were also estimated. It was shown that for larger arteries
it is possible to distinguish between different degrees of
stenosis by analyzing their flow characteristics. An inter-
esting result of this study is its laser technique. The
significance of this study is that by using laser Doppler
anemometer, the flow pattern could be photographed. These
images clearly show the effect of turbulency and stenosis

on flow pattern.

In another related investigation, Saad et al. [98]
measured instantaneous velocities in the field distal to
contoured axisymmetric stenoses with a laser Doppler ane-
mome ter at Reynolds numbers ranging from 500 to 2000.
Autocorrelation functions and spectra of the velocity were
employed to describe the nature of fluid dynamic distur-
bances. Degree of stenosis of 25, 50 and 75 percent were
used and the results were compared. The effect of area
reduction (stenosis) on the centerline disturbances level
was demonstrated. Very little change is seen for the 25

percent stenosis in the intensity level, but for 50 percent
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and 75 percent stenosis, there is an increase in intensity
ievel for a fixed value of Reynolds numbers.
In the latter two investigations, a laser Doppler anemo-
meter was used to measure velocity components and to cal-
culate some characteristics of the flow. The major point
in these studies is that they were investigating the tur-
bulency caused by stenosis, but the initial nature of the
flow field itself was not defined. Moreover, the Doppler
instyument is capable of measuring only one component of
the velocity which is insufficient for turbulent regions.
Chandran et al. [99] studied the physiological pulsa-
tile flow of past aortic valve protheses. The measurements
of velocity profiles and turbulent normal stresses during
several times in a cardiac cycle were obtained using laser-
Doppler anemometery. The turbulent normal stresses mea-
sured downstream to the tilting disc were compared with
caged ball valves. The turbulent shear stress and velocity
profile for different angles of valve openings and for
pulsatile and steady flow were generated. Again, in this
study, single transducer laser Doppler was used which
doesn't have any app;ication in in-vivo analysis and is

not an accurate device for turbulent regions.

2.2.2 In-Vivo Experimental Investigations

In this section, we discuss the in-vivo investigations

which have been conducted by other researchers [22-277,
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[30], [36-42], [55-56], [65], [71], [78-79], [92-93], [100].
One important difference between in-vivo and in-vitro
studies should be noted. Unlike in-vitro investigations,
in most of the work in this area, researchers assumed that
blood flow is laminar using Doppler ultrasound. Even if
the investigators conclude that blood flow is turbuleht,
they use hot-film anemometers as single transducer Doppler

ultrasound.

Strandness et al. [39] studied ultrasonic flow detec-
tion as a useful technique in the evaluation of peripheral
vascular diseases. In their study, detail evaluation of
both arterial disease (84 cases) and venous disease (17
cases) is presented. The main goal of this study was to
show in general, the ability of ultrasonic flowmeter in
detecting the severity of the above-mentioned diseases,
particularly in post operative evaluation. One problem with
this study was the use of continuous wave Doppler ultra-
sound which is not capable of discriminationg the range in
which a particular artery is located.

Now some of the other works will be introduced,
aiming for quantitatively assessing the state of different
types df diseases.

Brown et al [36] described a method for processing
input/output blood velocity wave form for femoral arteries
obtaiqed with ultrasonic Doppler flowmeters in order to

investigate the state of stenosis. In their study, the
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blood velocity/time waveforms were recorded from the
common femoral and popliteal arteries (see Figure 2.4),
using ultrasonic Doppler shift flow velocity meter, and
transfer-function modeling of the femoral artery. Maximum
value of blood flow velocity for normal and deseased
femoral arteries, along with the pole positions for case
studies under transfer-function modeling were presented.
All the normal poles were very lightly damped and are close
to the imaginary axis of S-plane. The poles corresponding
to the known diseased cases all lie on the negative real
axis, indicating a damping ratio greater than unity and
representing the considerable resistance to blood flow of
the collateral circulation. The poles of the early cases
occupy the regions between the normal and diseased poles.

The results of this study are interesting, but they
are actually qualitative and can be applied only to an

occluded femoral artery. Moreover, two separated synch-

ronized systems applying in two different locations of the
artery must be available to obtain input/output waveform
simultaneously.

Skidmore et al [38] have done a similar study to the
one done by Brown et al. In their study, physiological
interpretation of Doppler-shifted waveforms were done for
the femoral artery. A third order mathematical model was
developed which described those waveforms in patients with

occlusive arterial disease and in normal volunteers. In
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Figure 2.4 The comron femoral artery.
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normal subjects, the model has two complex and one real
pole, and in occluded arteries with collateral circulation,
all the poles are real. The complex poles are shown to be
related to the elastic modulus of the artery and also to
the lumen size. The real poles are shown to be related to
the degree of vasoconstriction of the peripheral circula-
tion. This study is again limited to the femoral artery,
and the accuracy of determining Doppler angle is not
discussed.

Stevenson et al [85] studied the diagnosis of ventri-
cular sepatal defect (VSD) using pulsed-Doppler ultrasound
by following the turbulent jet through the septum. It was
shown that measuring turbulency can allow specific detection
of the jet of the VSD, and detection of associated defects.
It also allows the researcher to assess the magnitude of the
shunt at the ventricular level. This study indicates the
important role of the Doppler ultrasound machine and also
the relationships between fluid dynamic characteristics of
flow with a particular disease. But, again, single trans-
ducer pulsed Doppler ultrasound was used, which has been
shown to be inaccurate in turbulent flow areas.

In view of the variety of effects of turbulent flow
upon the circulatory system, Sabbah et al [86] have studied
the effect of erythrocytic deformability. The random fluc-

tuations of velocity indicative of turbulent flow were
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measured with a hot-film probe. They showed that turbulent
blood flow occurs in ascending aorta of normal subjects
with a high cardiac output and it occurs routinely in the
presence of aortic valvular disease. They quoted studies
in dogs which suggested that turbulent blood flow may e#én
contribute to thrombus formation. They claimed that turbu-
lent blood flow and its associated high shear stresses can
damage even normal erythrocytes. This study is another
indication of the relationship between flow characteristics
and physiological changes. The weakness of this study 1is,
first, in the use of hot-film anemometer, second, only a
single component of the velocity is measured which 1s not
satisfactory in turbulent regions.

In another related study, Stein et al [87] have inves-
tigated the role of microthrombi and turbulent flow in
continuing disease process of calcific aortic stenosis.
They suggested that repetitive deposits of microthrombi,
followed by calcification, would explain the continuous
process of stenosis in previously deformed aortic valves.
The formation of such thrombi may be initiated by turbulent
flow and other fluid dynamic factors. Although, in this
study, an attempt was made to relate stenosis to the turbu-
lency, a single hot-film anemometer was used. As we have

often noted, this procedure interferes with the blood flow
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in an unknown manner. Since the actual preinvasive flow
is still unknown, the entire experiment is based on data
which has been altered by the investigator's surgical pro-
cedure.

Goldberg et al [88] have studied the turbulence map-
ping in patients with valvular aortic stenosis using pulsed-
Doppler ultrasound. In their study, they presented four
well-known major flow areas that occur distal to a stenotic
aortic valve. These include a jet, an area alongside the
jet (the parajet), an area of flow disturbance, and an area
in which disturbed flow again becomes laminar downstream.
Of these, the flow disturbance area has markedly turbulent
flow, although some turbulence can be at time detected in
the area beside the jet. The purpose of this study was to
test a technique of patient examination that might allow a
pulsed-Doppler ultrasound to detect each of the known areas
in the aorta of valvular stenotic aorta patients. The
problem encountered in this investigation was in the
machine limitation which didn't allow a proper interpre-
tation of flow dynamics from recorded information, because
of 1ts inability to measure accurate blood flow valocity.

" Hwang et al [8] have done the most comprehensive
study in turbulent blood flow. In their study, turbulent
characteristics of pulsatile flow through a natural human

mitral valve opening were measured with a pair of hot-film
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anemometers. Mean velocity, distribution of turbulent in-
tensities, and Reynolds stresses were calculated from the
recorded information. It was shown that the phase average
of the longitudinal velocity component increases nearly
exponentially with time from the beginning of the diastolic
phase, and then reaches a maximum and starts dropping,
afterwards. Somewhere in the middle of the systolic phase,
the velocity reaches the minimum value and stays constant
at that value until the end of that phase. The maximum
velocity was almost eleven times the minimum. Also, in their
work, the phase average of longitudinal and transcerse com-
ponents of turbulent intensities during the cardiac cycle
were presented. It can be seen that the turbulent fluctua-
tions increase dramatically just before maximum velocity is
reached. Thereafter, the turbulent fluctuations reach a
plateau level through the mid-diastolic phase. The inten-
sity decreases near the end of the diastolic phase. The
maximum turbulent intensity is 6 times the minimum value
during the cardiac cycle. The transverse turbulent in-
tensity varies in a qualitatively similar manner except
that the minimum value and the maximum value of transverse
are somewhat lower than the longitudinal.

The phase average Reynolds stress is nearly zero
during the systolic phase, but is quite large during the
diastolic phase. The Reynolds stress during the diastolic

phase has two peaks: one during the phase when the flow
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through the mitral valve is maximum and the other during
the phase when the flow through the mitral valve is decel-

erated.

The only weakness of this study is the use of a hot-
film anemometer which must be inserted by surgery inside
the artery and it can affect the flow field.

In contrast to most of the work in this area, our
study will introduce a transducer model which, rather than
using an estimate, is capable of actually calculating the
Doppler angle.v This technique will allow a proper inter-
pretation of flow dynamics from the recording Doppler sig-
nal by accurate determination of the velocities both in
laminar and turbulent regions. In calculating the velocity
components of the flow field, the following points must be

considered:

1) Number of periods in which phase average of any
variable is going to be calculated must be as
large as possible.

2) In calculation of volume rate in addition to the
Doppler signal at the centerline, the velocity
profile and measurement of the range must be
conducted.

3) For in-vitro studies, the pump speed must be kept

constant throughout the procedure and for in-vivo
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experiments, the heart beat of the subject must be
carefully monitored while recording data in a

particular experiment.



CHAPTER III
THE THEORETICAL INVESTIGATIONS

In this chapter, first, a damped sine wave is used as
the transmitted pulse and the Doppler signal is derived
from the power backscattered ultrasound signal from the
blood. Second, a new transducer model for a more accurate
determination of Doppler angle and blood flow velocity 1is
discussed, and theoretical comparison between conventional
and developed ultrasound models is presented. Finally, the
fluid dynamic aspect of the work is investigated and the
relationship between blood flow characteristics and steno-

sis is derived.

3.1 Scattering of Ultrasound by Blood

In this section, first, we develop a practical ap-
proximation for the backscattering of a transmitted signal
by a volume of randomly distributed scatterers (red cells).
Then, utilizing pulsed-Doppler ultrasound system (Figure
1.2), the received backscattered signal is demodulated and
filtered to obtain the Doppler signal. The m;thematical
formulation is taking into account the transmitted pulse

parameters, tissue parameters, acoustical parameters, and

system parameters. Therefore, a comprehensive analysis of

46
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the Doppler signal is presented.

Human blood is composed of a liquid called plasma in
which are suspended red blood cells, white blood cells, and
platelets [46]. The red blood cell is a nonnucleated bicon-
cane disk with an average diameter of 7 um and average thick-

ness of 2 uym, with a mean volume of 87 ums.

There are about
5 x 10%/cm® of red blood cells (RBC's), 7.5 x 10%/cm® white
blood cells and 3.5 x 108/cm3 of platelets in an adult [47].
The number of red blood cells (RBC's) is much larger than
that of the white cells and the volume of red cells is much
larger than that of the platelets. Thus, the scattering of
ultrasound by blood, presumably, is due to the RBC's.

In this study, we derive the received power backscattered
signal from the scatters excited by damped-sine bursts,
rather than conventional sine wave. The analysis is begun

by presenting the damped-sine wave burst which can be ex-

pressed as

-(t-to) Z/Tl
y(t) = A e cos wo(t-tb) (3.1)

where A is the amplitude, T, is the dying rate, to and t6
are positions of highest central peak§ and W) is the angular
frequency of ultrasound beaﬁ. A plot for y(t) is shown in
Figure 3.1.

The transmitted signal propagating through different

tissues will be attenuated in amplitude by the different



(a) e~ (E-t0)7/T

(b) e-(t-to)zlr

(c) Ae” (t-to)*/ cosw(t-tg)

(d) cosw(t-tyg)

Figure 3.1 A two-sidedly damped sinusoidal wave form, curve (c).

87
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acoustical parameters, and its phase will be changed by the
effect of blood motion, and because of the structure of the
blood, it will be scattered back by a random motion of small

particles (red cells). Figure 3.2 can be used to describe

this phenomena.

O

8\
0O n

\\iitery

0

Figure 3.2 Scattering of the ultrasound signal by red cell.

The incident pressure wave inside the vessel at the

point c(x,y,z) can be expressed as

R+x 2
, -a_R -(t-t,- —=)"/1
- H(t) _"m gax 0 ¢ 1
Pi(t) = gvx ¢ ¢ ¢
' R+x
cos wq(t-ty- = ) (3.2)

where %@}% is the amplitude of the pressure wave and o
and o are attenuation factors in medium I and II, respec-
tively.

The reradiated scattered pressure volume at the re-

. ceiving transducer and at point B'(0,y',z') can be expressed

by the following:
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R+x

_ a H(t- == A2 -am(R+r) a(r'+x)
Pr(t)—[ J R+ x ' °© "e
04s
R+ +r' (2,
_(t-to- _EE_ rcr ) /tq
e

ccoswy(t-ty - REX Iy 4 g(t)1dxds  (3.3)

Suppose B is a very small angle, then the following
can be defined

Rér and xér' , also R>>x.

2
Since the beam cross section is constant (i.e., S = %?—)

then
& yee-Rix ~20 R,
P (t) = A .So _E:__.._-e s} “
T 2 RZ
0
‘[t't - M]Z/T
0 c 1
e
-cos[wo(t-td-~£L%i£l+¢(t)]dx (3.4)
Defining
tb R+x
Q=1t -5 -

Multiplying both sides by 2:
2Q = 2t -t} - 2(R+x)

SO

2Q~t=t-t'-2—@ﬂl (3.5)

Substituting in equation (3.4)
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A,-S -2 R -
P_(t) = Z_ e M J H(t- B%z). e 720X

_[t_to_ A_U%El]z/-rl

e

-cos[wO'QQ-t)+¢(t)]dx (3.6)

In order to calculate H(t) the relationship between the
intensity, power and the pressure in acoustic medium have to
be derived.

The amplitude intensity in the far field due to a

radiator at range X = R + x is defined as:

-2a_R
I =P G e M & 29X 45(Rex)? (3.7)
where Gt is a correction factor and it is defined as gain
over an isotropic radiator of the transmitting radiator and

it can be expressed as

_ 2
G, = 47 A/} (3.8)

where Ar is the effective transducer aperture and A is the
- wave length. Substituting 3.8 into 3.7:
-20_R

41TAr e m e-Zux
Ia = Pt. 2 2
A4 (R+X)
or
A e-ZamR o~ 20X
I =P, -« (3.9)
a t XZ(R+X)2

On the other hand, from equation 3.2, one can find the
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expression for the amplitude of the incident pressure wave
at point X = R + x as:

- Rix 42,

-a_ R _ -(t-t T
P. = H(E) e M ™% ¢ 0 ¢ 1 (3.10)

From the relationship between intensity and pressure,

we have
p2
[ = _ia
a 22
or
Pl
I, = 70e (3.11)

where p is the density of the particles. Substituting

(3.10) into (3.11) the amplitude intensity can be expressed

as
- -2(t-t,.- RFXy2
Wity e ek 2ax TE(EEQT )T/
Ia = 5 (3.12)
2pc(R+x)
ThereforeHZ(t) can be expressed as
2(t-t,- —sz)z/fl
2 2pc Ar e
H®(t) = Pt 2 (3.13)
At the receiving transducer t = t - sz , SO
2[t-t. - Eigiél]z/T
0 [ 1
2 R+x 2pc Ar ©
H(t- '—'C—) = Pt’ ) (3.14)

A
In order to have complete value of Hz(t), the average trans-

mitted power (P must be calculated. Rewriting the trans-

t)
mitted pulse from equation 3.1,
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-(t—to)z/r1
y(t) = A e cos wo(t-tb) (3.1)

and average power transmitted is

L 2
2 -2(t-t, )%/t
kA [J e 0 1

-0

<

cosZwO(t-tb)dt

—

A

o 2
-2(t-t /
+ J e o) /M1 dt] (3.15)

-

o

B

To calculate P A and B in equation 3.15 the following has

t’
to be calculated

o 2
-2(t-t )%/
[ . 0) /™1

A= cos2 wo(t-tb) dt (3.16)
Defining
u = t-tO
du = dt
= 4+t
d -t
m = 2w0
2. 2
a T (a>0)

And substituting the above values into 3.16



54

+ o0

- -azu2
A= e cosm(u+d)du

-0

+ 0o

.22
J e 28U (cosmd cosmu - sinmd sinmu) du

or o] o]
_a2u2 _azuz
A = cosmd | e cosmu du - sinmd | e sinmu du
-0 - 00
2 2
.A1 A2
(3.17)
Calculating Ai and Ag in equation 3.17:
® 22
Ai = cosmd+2 - ] e Y cosmu du
or
2
2 /7Ty "Wy Tl/Z ) L 5 18
Al— —— e cos wo(t—to) = ct (3.18)
and -
2 -a2 2
A2 = sinmd e Y sinmu du = 0 (3.19)
Substituting 3.18 and 3.19 into 3.17
A2 '

Now, the second part of equation 3.15 (B) must be calculated.

® 2
-2(t-t,) "/t
B = J e 0 1 dt

-
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Defining

u = t-to , t= + o then u= t o

du = dt

r2 = %L oT r =y éL

1 1
then
[e<] [+]
2.2 2.2 — AT
= -r u - -T u = 3 —Tr-z -——l = 2
B [ e du 2 [ e du =2 /;r > B1 (3.21)

0

-0

Substituting 3.20 and 3.21 into 3.15

2

_k ,2.,2 _
P, = > A°(A] + B]) = ¢ (3.22)
Substituting equation 3.22 into equation 3.14
Zc2 pcA
HE(e- BEXy o K L (3.23)
C >\2 _z[t_to_ Z(R""X’]Z/T
e c 1
Defining
2
kz(r ) = 2ck pc Ar
1'°1 AZ
and substituting into equation 3.23,
2
o (e- B2Xy - .kl(Tl)Z(R+ . (3.24)
-2e-tg- A Yy

e

Substituting 3.24 into 3.4, the reradiated scattered pres-

sure volume can be expressed as
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Ak, (T)S e-2°““
21 12 Ie-zax°cos[w0(2Q‘t)+ 6 (t)] dx

(3.25)

P_(t) =
r R

The pressure signal after kth burst can be obtained by
letting t = kT + ty where T is the period of the trans-

mitted pulses and te is the time elapsed between transmitted

and scattered burst. (see Figure 3.3). So

C 2
or
-t = _ 2R L U 2x
ZQe't kT + te c t0 z
Defining
- _ 2R .,
then
S e .2
ZQe t = tk < (3.26)

Substituting equation 3.26 into 3.25
-ZamR
ki(t)A, e °s ' _
L1 22 r’cos [(2Q_ -t)w +d(t)]e Zaxdx
j e 0
X

P(ty) = .

or



Figure 3.3

Illuscration of the ensemble Pk(te).

LS
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-2a_R

m
Pk(te) =k1(T1)i§e > [%os wotk (cos[- Zﬁ?x'+¢(t)]e'2axdx
<« 1 >
N W
- sin wotk{ sinf[- Ztgx-+¢(t)]e-2axd%]
<~ Z
< > N
(3.27)
Defining
a = -Zo
1
¢(t) = c

And calculating each part of equation 3.27 separately

[

1= e?* cos(bx + c)dx
)
[
1= e?* cosbx cosc dx _Jeax sinbx sinc dx
J
03X
1 = [-5—5]a cos(bx+c) + b sin(bx+c)]
a +b '
and
edX .
W= ;7:;7 [a coswotk cos (bx+c)+b coswotk sin(bx+c)]

(3.28)
Now, calculating the second part of equation 3.27,
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2 = J edX sin(bx+c)dx
2 = cosc [ e?® sinbx + sinc { e®* cosbx dx
03X
2= A [a sin(bx+c) - b cos(bx+c)]
a“ +b
and
03X ) )
Z= ;7-:;7-[3 51nw0tk sin(bx+c) -b 51nw0tk cos(bx+c)1}
(3.29)
Substituting 3.28 and 3.29 into 3.27
-20._ R
A, k. (T )-S-cz-e m.e zox
Plty) = St ——
4R (a"c” + wo)
' Zwox
[}Zacos[wotk - + o(t)]
2w0 ) Zwox
-?—51n[w0tk- < +¢(t)]:| (3.30)

Pressure signal Pk(te) is converted to electrical
signal frﬁé)by passing through the receiver transducer. The

received signal can be expressed as:
fr (te) = kZ(A) Pk(te) (3.31)

where kZ(A) is a constant depends on the cross-sectional

area of the transducer and varies with such a factor as
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transducer material and method of processing.

The Doppler signal can be extracted by demodulating
the received signal and passing the result through a low-
pass filter to eliminate the components of the carrier
(transmitted) signal, according to Figure 1.4. The conven-
tional coherent demodulation technique is used to achieve
the above goal. First, we multiply the received signal by

transmitted signal considering the time delay as follows,
D (t) = £.(t) *y(t,)

where te = t-t, - Zl&i&l

0 c
-tegy - HEEh? ) (Rex)
- _et +X
y(te) = A‘e coswo[t tO c ]
so
2w
- - _pr J2(R¥x) . _0
Dr(te) k { Zacos[wo(t tO c +¢6(t)] c
2(R+x), 2
-[t-t -—l] /T
+ sinfwy(t-t] - ﬂ%’ﬁ—w(t)] Ae 0 € 1
e cos wo[t-t6 - ZLBiEl]}
. c
where -2a R
Ak, (t )k, (A)S cle M gTZax,
_ 2711772
k = YA
4R" (a"c -*wo)
Defining
a = -2a
2w
b = = _0.
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Equation 3.32 can be written as

-le-ty- ;LRE_Q]Z/TI
= - 13
Dr(te) k{a cos[wot w0t0+ bR +bx + ¢ (t) Je

°cos(w0t —wotb-ﬁbR-ﬁbx)+b sin[wot-woté-+bR+bx-*¢(tﬂ

[t-t.- 2 (R+x 2/
00 ¢ 1 /7
. e cos(wot-w0t6+bR+bx)}(3.32)

The demodulated signal after passing through a low-pass
w

filter with cut-off frequency of fo(i.e., fO = 7%) can be

expressed as

_[t_to_ Z!RC“'X!] Z/T

£,0t,) -1ke 1 ta coso(t)+b siné(t)]

oT
1, " It-ty- : _§+x ]2/”1
f(t) =5ke {r cos[o(t)-¢;1}
where 2
4w
r = //a +b2 = 4a2+ f = % v c2a2+wg
c
and —2w0
Yo
- -1b _ -1 c = -1 70
¢1 = tan 2 tan e tan o
s R o
_ k.2 /22 2. 00 T ¢ 1
£4(tg) = 3¢V clatHwy e '
~ean~l Y0
« cosld(t) tan © — ]

or finally, the instantaneous Doppler signal can be expressed

as
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k v c2a2+wg “lt-ty- EL%ifl]Z/Tl

fd(te) = c e

| -1 Yo
* cos{¢(t)~- tan Y ] (3.33)

Equation 3.33 is a comprehensive form of the Doppler signal,
and as can be seen, it is a function of acoustics, tissue, and
system parameters such as: attenuation factors in different
mediums, wave length of the transmitted burst, effective
transducer aperture, density of the blood, etc.

The main assumptions in deriving the Doppler signal in

this section are:

1- the red cells are uniformly distributed in the
blood stream,

2- the red cells behave like point scatterers (i.e.,

A >> D)

3- the sound beam illuminates the entire cross-section
of the vessel, with uniform intensity, and the
sensitivity of the receiver is also uniform over
the whole vessel cross-section, and

4- the frequency shift is only caused by red cells.

3.2 Transducer Modeling

The application of continuous wave or pulsed Doppler
ultrasonics to the measurement of flowing liquids or ultra-
sonic imaging has been widespread. Doppler principles

utilized for the specific measurements of flowing blood in



63

clinical or research application have been known and used
for approximately twenty years. The most desirable aspect
for improvement in blood flowmeters 1s accuracy of the
velocity measurement.

The velocities of the blood cells (mainly red cells)
in the bloodstream are given by the basic Doppler formula,

as it was shown in equation (1.2):

Af = 2~f0»v .cosf/c (1.2)

R

Frequency shift (Af) in the above equation is related to the
Doppler output signal by the mean of frequency to voltage
convertor described in Chapter II. In order to calculate
velocity from equation (1.2), the Doppler angle, 6, has to

be precisely known.

Commercially available Doppler blood flowmeters (both
inplantable and externally applied) are based upon the per-
formance of a single transducer or multiple transducers
without any specific orientation to each other in an attempt
ta extract greater information from which the researcher can
make better estimation of the Doppler angle. This predic-
tion of the Doppler angle has a direct relationship on the
calculation of blood flow characteristics. The accuracy of
measuring the Doppler angle may be changed by multiple
trials, but, since it is still an assumption, one cannot be

certain about its percentage of accuracy. Relative error in
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velocity is a function of the Doppler angle alone, and the
error increases when the Doppler angle increases. Thus, we
have developed a hardware and software Doppler model to
more accurately determine blood flow velocity, which elimi-
nates the assumption of the Doppler angle.

The developed model (Dual Transducer Pulsed Doppler
Ultrasound - DTP-DU) has the ability to actually calculate
the true Doppler angle. Therefore, it increases the accu-
racy in measuring the blood flow velocity, which is the
primary factor in determining the blood flow volume rate and
any related characteristics. In this section, is presented
theoretical investigation of the developed model and also
error analysis is presented for both the conventional and

developed model.

3.2.1 Theoretical Investigation

In a conventional single transducer pulsed-Doppler
ultrasound (STP-DU), the relationship between the received
Doppler signal and the directional velocity of the blood
flow can be obtained by the expression shown in the follow-
ing equation:

Vp T k 'Flcose (3.34)

Equation (3.34) is another version of the Doppler
equation (1.2), except for the fact that Af 1is converted

into F;. Because of this change, the constant k not only
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depends upon the constant parameters mentioned in equation
(1.2), but also on the fluid dynamic parameters such as the
resistivity factor (i.e., R = %?) of the blood and the area
and length in which the test is conducted. Another factor
is related to the method of processing, which depends upon
the type of device used for converting acoustical signal to
electrical signal. As can be seen from equation (3.34),
there is one equation and two unknowns, 6 and Vp- The only
solution for this function is still a careful assumption of
the angle 6.

To overcome this "assumption'" problem, we have devel-
oped the DTP-DU model, in which there is a known angle be-
tween two transducers. A typical configuration for a dual
transducer system is shown in Figure 3.4. To implement the
developed model, a pulsed-Doppler instrument with at least

two channels is required. Using both channels and this

model equation (3.34) can be written in the following forms:

1}

GR k * Fy/cos® (3.35)

GR = k * F,/cos(a-90) (3.36)

where F1 and F2 are Doppler output signals from channel 1

and channel 2, respectively.
Note that there are three unknowns: QR’ o and 6 and

two measurable quantities f. and fz in equations (3.35) and

1
(3.36). The angle between the transducer, o, is fixed at
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the time when

a is known by

67
the probe is built for flow measurements. If

the process of manufacturing or by calibration,

then there are two equations and two unknowns. This indi-

cates that both GR and 6 can be calculated directly.

Starting with

following:

Fi =%
N
R

[\
~

SO

coso

l sin6

sin6

equation (3.37) and (3.38), we can derive the

cos8 (3.37)
cos(a-e)==% (coso cos6 + sina sin@) (3.38)
F
=k;,_1
R
2
F
=/1—k2—%—
VR
/ 2
F F
cos8 = Kk 1 1 -k2 .
v 2
R Vr

Squaring equations (3.37) and (3.38) and substituting for

cosd , siné,

1\2
2 R
F¢ = >
QZ
k
SO
;2
2, 2 R
Fi+ Fo = —
1 "2 k2

and sin8 cos6 we have

cos“o

(coszacosze-bsinzasinze +sinZ2a sin® cosé)

(cosze+ coszucosze-ﬁsinzasinze+ sin2asinécose6)



2,2 2
22 k" (F] + F3)
R
kel K'F] VEkIEL , 0F)
5ty cosTar —— sin.a+;7—/ k (vR-k Fl) sinacosa
Vp VR Vo VR
or
2,.02..2y _,2.2,,2.2 2 "2 .2 2.2 . 2 /12,2 12,
k (F1+F2)-k F1+k Flcos a+vpsin©a k F151n a+2F1 k (vR |3 Fl
« sina cosa
or
stin2a==—k2F2c052a+k2F2+k2Fzsin2a-ZF //kz(vz-kZFZ)sinacosa
R 1 2 1 1 1
(3.39)
But
k F,
cosa cosf® + sina sinf = =
VR
or
2 2. 2
kF v,-k“F F
coso, Tfl + sina ZCJ&———J;— = k 2
R YR VR
and 5 .
/72——2—2—_ PZ - Fl cosa
v Vg - k F1 = STno (3.40)

Substituting equation (3.40) into equation (3.39)

A2 .2 _ 2.2 2 022 .22 . 2 i 2
vpsin“ae = k Flcos o+k Fz-fk F1 sin“a ZkFlcosa(kF2 kFlcos a)
or

A
vﬁ sinza = kng(l-Zcosa) - kzFi cos 2o

and velocity can be found by the following equation:
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/// kZFg(l-Zcosa) - kzFi cos2a
> (3.41)

v sin‘a

Equating equations (3.37) and (3.38)

kF1 _ sz

cosf  cosa cos6 + sino sinb

Dividing by cos®

kFl cosa + kF., tg6® sina = kF

1 2

or

-1 F,-Fjcosa

8 = tg “( T 1

sina ) (3.42)

1

Notice that the Doppler angle (6) can be directly calculated
from Fl and FZ’ and, notice that the blood velocity (GR)
can also be calculated from F1 and FZ without explicit
measurement or calculation of the Doppler angle. As long
as o is known accurately, the flow can be in any direction
and the equation (3.41) can be used to determine GR accur-
ately. This is the primary advantage of dual transducer
over a single transducer system.

Comparing equation (3.42) and equation (3.36), it
seems that additional computations are required to find OR'
But, since o is either known or is calibrated, cosa and
sina are fixed. Thus, equation (3.42) becomes a simple

function of two variables, Fl and FZ'
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3.2.2 Theoretical Comparison of Doppler Models

3.2.2.1 One Dimensional Analysis

The Doppler shifted frequency can be measured, but
the angle is estimated either by prior calibration or by
assumption. In most cases, the angle is assumed to be 45°.
Let 6 be the assumed angle, then equation (3.34) imme-
diately relates the measured Doppler shifted frequency to

the flow velocity:

5. = (=X
R coso

JE,

Note that the estimated velocity is GR and differs from the
true flow velocity, Vp- The actual velocity (VR) will be

described by the following equation

Vv, = k-Fl/cos(e + £) (3.43)

R

The ratio of measured (GR) to calculated (VR) velocity is

then

<>

<

- On .40

and the normalized velocity error (El) can be shown in the

following equation

VR cosB - cos(B8 +§&)

E. =1 - — =
Ve cos9

(3.45)

The error presented in equation (3.43) is in terms of g,

the discrepancy between the actual and assumed Doppler angle.
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The ratio of changes in the velocity measurement can there-

fore be expressed by the following equation:

>

d 'R, _ -sin(6 +&)
EE'(VR) cos® (3.46)

The percentage of normalized velocity error is calculated
from equation (3.45). Results are obtained by using dif-
ferent values of the Doppler angle (in this case 0° to 75°).
A plot is generated for percentage of normalized error when
the uncertainty in the Doppler angle (£) is varied from -45°
to 45° and is shown in Figure 3.3. Also, the rate of‘change
in velocity is calculated from equation (3.46). A plot is
generated for discrepancy between actual and measured flow
when the uncertainty in the Doppler angle (&) is varied from
-45° to 45° and for different Doppler angles, in this case,

30°, 45° and 60° (shown in Figure 3.6).

3.2.2.2 Two Dimensional Analysis

It has been seen that the velocity estimation in the
single transducer case in equation (3.34) largely depends on
how well the flow direction aligns with the assumed flow
direction. In many applications, the probe cannot be
changed,.adjusted, or tuned instantaneously, which results
in large errors as shown in Figure 3.5. For the dual trans-
ducer, however, no requirements are placed on the flow di-
rection. In fact, the use of two transducers makes possible

the measurement of the flow direction directly, hence
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Figure 3.5 The percentage of normalized velocity error
for single transducer pulsed Doppler ultra-
sound model.
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providing accurate estimation of the flow velocity.
Though the velocity estimation is exact, errors may
be introduced through inaccurate calibration of a. Such
errors are correctible and can be made as accurate as the
calibration process allows. If there is an error made in
calibrating o, then the velocity estimate GR will be as

follows:

~ /rkze(l-Z cosa)-kzFi cosa
vp = / — (3.47)
sin“a

where GR is the velocity estimated based on a. When a is
in error, there are two places where calibration affects
the velocity estimation. First, the correction factor on
Fq and F, in the numerator under the radical sign is modi-
fied. Secondly, the scaling in the denominator is not

exact. The normalized velocity error (EZ) for the two

dimensional case can now be found by rearranging the terﬁs

as follows:

The actual Doppler signals can be written as

F, = & coso (3.48)
YR
F2 = % cos (o - 8- &) (3.49)

where Ve is the actual value of the velocity and £ is the
difference between assumed and actual value of o. Substi-

tuting equations (3.48) and (3.49) into (3.47) one obtains,
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s
Vp = s;;a . ;{ / cosz(a-e—g)(1-2cosa)-c0526c052a
or
v / 2 2
R _ [cos®(a-6-&)I(1-2cosa)-cos 8cos2a (3.50)
VR sino '

Since the normalized velocity error is

Vo -V

So

E

=1 - // [cosz(a-e-gl](l-2cosg)- coszec052a

2 . 2
sin"o

(3.51)

The error E2 shown in equation (3.51) is applicable for any
value of a. It will be illustrated how the dual transducer
model performs in:

A Special Case

One obvious configuration is to make the two trans-
ducers orthogonal to one another. If this is the case, the
velocity estimation can be greatly simplified. Equation

(3.41) can be rewritten as follows:

=k /F (3.52)

N
[SEIE o)

VR
Equation (3.52) indicates that the velocity estimation 1is
simply the vector sum of Fl and FZ‘ This is reasonable

because F; and FZ are orthogonal to one another. Hence,

the velocity estimation is simply computed by the Euclidean
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distance formula.

The normalized velocity error for this orthogonal
arrangement is also neatly simplified and can be computed
by substituting o = 90° into equation (3.51), then

obtaining the following:

E,| = 1 -/ cos®s + sin(e+E) (3.53)

a=90°
A plot is generated for percentage of normalized error for a
different value of 6, in this case from 0° to 360°, while
g varies between -45° and 45° and is shown in Figure 3.7.
Also, in Figure 3.8, a plot for fixed values of & while ©
varies from -180° to 180° is presented.
The rate of change for the normalized velocity error

can be computed directly by differentiating equation 3.50:

VE = //cosze +sin2(8+E)
R %=90°
but
d N = 1 du
Ay
so
% (v—R) - Cos(8+g) sin(B+E&) (3.54)
R /£0528+sin2(9+53

A plot is generated for discrepancy between actual and

"measured flow when 6 varies between 0° to 360° and & between
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-45° and 45°, and is shown in Figure (3.9). Also, in
Figure (3.10) a plot is presented for fixed values of 6 in
this case 30°, 45°, and 60°, when £ varies between -45°
and 45°.

Although the error in the dual model is controllable
by careful calibration of the angle between the 2 tranducers,
the error in the single model which is caused by assumption,
is not controllable. A comparison between the two models
indicates dramatic improvement in the calculation of blood
flow velocity by the dual model over the single transducer.
As an example for 6 = 45°, a = 90°, a false estimation of 8
by 5° causes 9 percent and 4.25 percent changes in velocity
estimation for STP-DU and DTP-DU models, respectively. For
a false estimation of 6 by 10°, these values are 18.08 per-
cent for the STP-DU model and 8.213 percent for the DTP-DU
model. Also, a false estimation of 5° causes the rate of
change in velocity to be 1.083 for the STP-DU model and
0.49 for the DTP-DU model. For a 10° error in estimation,
the rate of change is 1.158 for the STP-DU and 0.43 for the
DTP-DU model, respectively. Some numerical values for
error in velocity and rate of change in velocity for a = 90°
and 6 = 45° are shown in Table 3.1. Also, in Figures 3.11,
3.12, 3.13 and 3.14, plots are presented for both models
for normalized error and rate of change in velocity and for

8 = 45° and 6 = 55° and o = 90°. Figures 3.15 and 3.16
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for dual transducer pulsed-Doppler ultrasound
model for fixed values of 8.
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Table 3.1 Numerical Values for Normalized Percentage of
Error and Rate of Change in the Velocity for
both STP-DU and DTP-DU Models.

STP-DU
Doppler % of Normalized Rate of Change
Angle (6) Velocity Error in the Velocity
-45 41, 4194031 0.000000000E2+00
-4y 41.3979492 0.246806256E-01
-43 41, 3332825 0.493538156E=-01
-42 41,2256165 0.740118523E-01
-41 41.0749359 0.986474752E-01
-40 40.8813477 0.123252928
-39 40. 6447296 0.147820950
-39 40.3654022 0.1723484929
-37 40.0432587 Je196814597
-3h 3%.6783752 Je.2212243564
-35 39.2710571 0.245568216
-34 38.8212128 0.26983654H
-33 318, 3292084 0.294022739
-32 37.7949677 0.318119247
-31 37. 2188568 C.3421184979
-30 36.6008759 0366014481
-29 35.9413147 J.389798522
-28 35. 2402649 Ne413863712
=217 34.4981079 Je3437303076
=26 33.7149506 0.460409284
=25 32.8910828 0.483675301
=24 32.0267639 0.506793916
-23 31.1222076 0529758155
=22 30. 1776886 3.552561108
-21 29.1934967 0375195730
=20 2%. 1700134 0.597655058
=19 27.1074219 U.5199325 32
=14 26.0061188 0.642021060
=17 24.8664856 0.553914)25
=16 23.6887817 0.685604632
-15 22.4734192 0737086563
-4 21. 2207794 0.728353083
-13 19.9312134 0.749397374
-12 18. 6050415 0.7792141490
-1 17.2428131 0.730795382
=10 15.8448219 0.811136961
-9 14.4116402 0.331230760
-8 12. 9435539 0.851071417
-7 11.4410400 0.370652795
-6 9.90457535 0.889969051
-5 8.33463660 0309014225

Cont'd to next page
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Table 3.1 (cont'd)

STP-DU

Doppler % of Normalized Rate of Change
Angle (£) . Velocity Error in the Velocity
-4 6.73170090 0927782476
-3 5.09634018 0.346268)82
-2 3.42884064 0.964465559
=1 1.72986984 0.332369184
0 0.000000000E +00 0.999973595
1 1.76038742 1.01727295%
2 3.55070782 1.03426266
3 5.37040806 1.05093765
4 7.21892071 1,.06729317
5 9.09%70980 1.23332253
6 11.0001917 1.09902191
7 12.9317579 1.11438751
3 14, 8898773 1.12941265
9 16.8738861 1.143409447
10 18, 8832397 1.15842724
" 20.9172821 1.17240715
12 22.9754486 1.18603039
13 25.0570221 1.19929218
14 27, 1613770 1.21218777
15 29.2880096 1.22471523
16 31, 4361877 1.23686981
17 33.6052551 1.24864769
13 35, 7945557 1.26004410
19 38.0032806 1.27105713
20 40.2310028 1.28168392
21 42.47694080 1,29131371
22 44, 74048022 1.30176163
23 47.0206909 1.311207177
24 89, 3170013 1.32025337
25 51.6288757 1.32889748
26 53, 9554596 1.33713722
27 5642960968 1.34496975
28 58. 6500244 135239220
29 51.0164337 1.35940266
30 63. 3948517 1.36599922
N 65. 7844086 1.37217303
32 68, 1843872 1.377942009
33 70. 5940552 138328457
34 73.0125580 1.38820553
35 75. 4394073 1.392704 01
36 77.873733b 1.39677311
37 30. 3148041 1.400u2686
38 82.7618713 1.40364933

Cont'd to next page
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DTP-DU
Doppler % of Normalized Rate of Change
Angle (&) Velocity Error in the Velocity

-45 29. 2883911 0.0000000002+00
-uf 29.2668610 0.286693523E-01
-43 29. 2023163 0.49263790258-01
-42 29.0949860 0.737088323E-01
-41 28. 9451599 0.979318619E-01
-40 28.7533112 0.121861815
-39 28. 5200043 0.145430803
-38 28. 2459259 0.168574154
-37 27.9318542 0.191230595
-36 27.5787354 0.213343203
=35 27. 1875153 0.234859824
-34 26. 7592926 0.255732477
-33 26, 2952423 0.275918484
-32 25. 7966003 0.295380055
-31 25. 2646332 0.314084351
-30 248, 7007741 0.332003295
-29 24. 1062164 0. 349113703
-28 23. 4825745 D.365396793
=27 22.8312511 0.380838513
-26 22. 1537170 0.3954829360
=25 21. 4514771 0.409160137
-24 20. 7260132 0.422030747
-23 19.9788361 0.434040725
-22 19. 2114410 0.445193172
=21 18. 4253387 0.455493867
=20 17. 6219940 0.464951038
-19 16. 8028564 0.473574758
-18 15. 9694071 0.481376767
-17 15. 1230392 0.488370597
-16 14, 2651672 0.494570732
-15 13.3971453 0.49999%2967
-14 12. 5203304 0.504653692
-13 11.6360302 0.5085701394

-12 10. 7455425 0.51176005%6

-11 9.85010242 0.514241397

-10 8.95093060 0.-516032398

-9 8.04922581 0.517151594

-8 7.14614391 0.517617464

-7 6.24279976 0.517448306

-6 5.34029579 0.516662657

-5 4.43968773 0.515278513

Cont'd to next page
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Table 3.1 (cont'd)

DTP-DU
Doppler % of Normalized Rate of Change
Angle (&) Velocity Error in the Velocity
-4 3.54199982 "0.513313890
-3 2.64828009 0.510786414
-2 1.75936222 0.507713675
-1 0.876319408 0.504112542
0 0. 119209290E-04 0.500000000
1 0.868606567 0.495392799
2 1.72891617 0. 490305901
3 2.57987976 0.484756172
4 3.42073441 0. 478758991
5 4.25081253 0.472328544
b 5.06925583 0.465480447
7 5.87539673 0.458228827
8 6.66847229 0. 450587749
9 7.48791031 0.442570746
10 8.21304321 0.434191346
AR 8.96329880 0.425462544
12 Y,.69800949 0.1416397154
13 10. 4166031 0.407007992
14 11. 1185074 0.397307515
15 11.8032455 0.387306987
16 12, 4702454 0. 377018511
17 13.1191254 0.366453528
18 13. 7493134 0.355623543
19 14, 3603325 0.3485460233
20 14.9518013 0.333213449
21 15.5233383 0.321654141
22 16. 0744629 0.309873223
23 16. 6087974 0.297980943
24 17. 1180594 0.285688043
25 17.6019592 0.273303151
26 18.0680237 0.260737360
27 18.5119629 0.248000145
28 18. 9335785 0.235101104
29 19.3325043 0.222050725
30 19.7085266 0. 208856881
31 20.06 14929 0.19552958)
32 20. 3909760 0. 182078421
33 20.6970215 0. 168512165
34 20.9791107 0.154841185
35 21. 2373657 0.181072512
36 21.4714966 0. 127216160
37 21. 6813965 0.113281012
38 21.8668823 0.992759466 E-01
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illustrate the percentage of error for both the STP-DU and

DTP-DU models for o = 90° and 6 varies from 25° to 65°.

3.3 Relationship Between Velocity Components and Turbulent

Blood Flow Characteristics

In section 3.2, a new transducer model (DTP-DU) was
presented that enabled to estimate accurately the Doppler
angle and to calculate directly the components of the flow
velocity. One obvious advantage of the developed model is
its ability to obtain transverse and longitudinal compo-
nents of the velocity, something that is not possible
with conventional (STP-DU) systems. One important appli-
cation of the developed model is in calculating turbulent
flow characteristics which are related to physiological
changes inside the vessel, such as stenosis or occlusion.
In this section, first, we discuss the use of the developed
model in calculation of fluctuation components of the velo-
city. Then, we show the relationship between fluctuation
components of the velocity and turbulent flow claracter-
istics. Finally, the relationship between turbulent flow
characteristics is presented with the vessel's parameters,
such as diameter of the vessel in relation to stenosis.

The flow in a turbulent region is moving in a direc-
tion parallel and also in a direction perpendicular to the
axis of the pipe. Therefore, there are two components of

the velocity v and Vy' The instantaneous velocities are



given in the x (parallel) and y (perpendicular) by the

following expressions:

v=yv+ v (3.55)

-~ o

u

il
e
+
C—

(3.56)

where Vv and 0 are instantaneous velocities, Vv and u are
average velocities, and v' and u' are fluctuation compo-
nents of the velocity. One important point here, is how to
calculate average value of the velocity that subtraction
(derivation) of this average value from instantaneous value
can represent true value of fluctuation velocity. It is
clear that the ordinary time average and its subtraction
from instantantaneous velocity is not a true representative
of fluctuation and it is true only for stationary flow where
supply pressure is constant and time independent. But,
because of the cardiac cycle, blood flow is a pulsatile

flow for which supply pressure is time dependent and flow
velocity at any specific time in the field, no longer remains
at a steady level. Hossien et al [45] introduced the use of
phase average (average value at any point in space) for
calculating fluctuation components of the velocity. The
phase average of the velocity (in x-direction) can be calcu-

lated from the following expression:

<V (t)> = % J V(x,t + nT) (3.57)
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where Vv (x,t) is any instantaneous flow variable at lo-

cation x and at any time t, and T is the period of the
repeated phenomenon. While ideally, an infinite ensemble
size is required, in reality, a finite number of periods
of the data is available. If N is sufficiently high, the
values obtained differ negligibly from tﬁe true phase
average [7]. One then gets the instantaneous turbulent

signal v'(x,t) (fluctuation) as

v'(x,t) = v(x,t) - v, (t)> (3.58)

As an example, a pulsatile turbulent signal with the
period T is shown in Figure 3.18. Let the period be well
defined to start at "a'" when the signal exceeds a fixed
threshold value. Now, if we sample the signal at interval
t, from the beginning of the signal and then wait and sample
the signal at time, tl, in the next cycle and in successive
cycles and then take the average, we gét the phase average
at that particular time t1 in the cycle. If we then repeat

<T what is

11
obtained is the phase average <vx(t)> shown in Figure 3.18

this operation for all t, in the range 0<t

(a). The difference between the phase average and the in-
stantaneous signal shown in Figure 3.18(b) is thus the tur-
bulent fluctuation V&(t) and it is characteristic of v;(t)
which determines the nature of turbulence in the flow.

The same procedure can be applied for the transverse

component of the velocity to find u'(t). Now that we have
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Figure 3.17. An example of pulsatile turbulent flow.

Turbulent fluctuation, £ = £, = <f>
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Figure 3.18 Turbulent velocity components. a) Phase
average of the velocity, b) Fluctuatilon
velocity.
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discussed the procedure to calculate fluctuation velocities,
we are able to calculate some characteriiyics of the flow.
The most important characteristic of a turbulent flow
which is also a function of different flow parameters and
the vessel structure's parameter is shear stress. The shear
stress in turbulent regions can be obtained by the following

expression,

Tg = -p<u'v'> (3.59)

where <u'v'> is the phase average of the product of fluc-
tuation velocities and p is the density of the flow.
Furthermore, Prandtl [101] derived the expression for velo-
city in turbulent case as a function of Ty and radius of the

pipe in the following form:
/o
v = ¢ — ny + c, (3.60)

where Cq is an arbitrary constant and c

2 is constant of
integration and y varies from r (the border of transition
core and turbulent core) to the center ‘of the pipe RO' To
calculate C,, 2 point at the center (RO) is considered,

where the velocity is maximum.

/To
= V = c1 7; n R0 + C

v max 2
y= 0
or
/%o
€2 = Vnax - €1 - Ry
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V:

/"o
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P
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/ *o
x €17 T ¢ Ry (3.61)

a 1 P

is defined as friction velocity

/ T
v¥ = _0

Y

with the unit of %. Dividing both sides by v*

\A
vE

or

W<

Since the left
the right side
hand, stenosis

y. Therefore,

v
max
clzn y + clzn RO

v Ty/P

cCitn y + k1 (3.62)

side of equation (3.62) is dimensionless,
should also be dimensionless. On the other

as narrowing (68) is a change in the value of

here the height of stenosis (§) is considered

as making the right side dimensionless.

v .

vE T
or

vV -

vE =
or

v = C

clzn y + czln § - c22n § + k1

c.2n % + k

1

T T
J Lo L/ 0

2

Equation (3.63) is a relation between velocity, shear stress

and stenosis.

Another characteristic which can also be related to the
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diameter and stenosis, is friction factor. Friction factor
is related to the shear stress by the following expression

2T

0
£ =
f 2
pvavg
or _
T f
e
T = '2— Vavg (3.64)
To find a relationship between ff and §, vavg has to be
calculated.

Rewriting equation (3.61) in the following form,

T
/9 on gl (3.65)
0

vV = v +
max C1 p

The v can be calculated as
avg

Ro Ro
J vda J v{(2mrdr)
0 0

v = = (3.66)
avg 2 2
wRO nRO
Defining y = R0 -V
R ' T, (R R.-r
J 0 v (andr)-i-cl//—g I 0R,n( g )2rrdr
_ 0 max °o 0
Vavg ~ nRg
or
2 /o jRO- /T fRO
y _ 'rrROvmax+cl 20 n (Ro-r)Z'rrrdr-cl 0 ZnRO(Zﬂrdr)
avg ﬂR&
(3.67)
Defining
R, - r=u

0
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At =0, u=R, and at =R, ,u=0 and calculating integral
part by part

(R t0

J Qn(RO-r) 2rrdr = i lnu[Zn(RO-u)(~du)]

0

0

or RO
= Zn[ in u(RO-u)du
0 R0 fRO
= ZwRO ¢n udu - 2wJ u 2n u du
0 R, 0 2 2[R,
= Zer0 [u &n u-u ] —ZH[TT n u - T ]
0 0
R/ RE
= ZWRO[RO &n RO'RO] 'ZTT[——Z— n RO = T]
2
= 21rR2£,n R, - ZnRZ— TrR2 Zn R, - TI'R—O—
0 0 0 0 0 2
- 2 .3 2
= wRO in RO > WRO (3.68)
and -
rRo Ry ,
27 ] tn Ry(rdr) = 27 tn Ry (——) = 7R]in R
0
(3.69)
Substituting (3.68) and (3.39) into (3.67)
/%
Vavg = Voax - 1.5 ¢4 ry (3.70)

Substituting (3.64) into (3.70),
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/£
- 1.5 ¢ £ v

<
I
<

avg max 1 2 avg
or
Vavg = Vmax 1.06 cl/?; Vavg
or
v =‘(1-+1.06 c. v £ ) vavg (3.71)

max -1

From equation (3.63) at y = RO’ VTV oox (in turbulent core),

ma
so L
T R T
= 0 0 gl
Vmax - €1 o Mozt ks, 0
or
v R
max _ ¢, n 1? . kz (3.72)
/To/p
Substituting (3.64) and (3.71) into (3.72)
1+ 1.06 ¢, /E_ R
1 £ ¢, 4n 7? + k,
f
/
2
or
—_— RO —
1 + 1.06 1 /ff = 0.707 cq /?; Ln 7§~+0.707 k2/ff
or
Ro
1= /E.(0.707 ¢ #n —= + 0.707 k, - 1.06 c;)
or
1 R
— = 0.707 Cq n 7§~F0.707 k2 - 1.06 ¢y (3.73)
fe

Equation (3.73) is another indication that characteristics

of the turbulent flow are a function of the structural
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changes inside the vessel. Constants c; and k, can be
found experimentally. For special cases in a turbulent
case, c; and k2 are found to be 2.5 and 8.4, respectively.
The second approach to determine the stenosis from
shear stress is by using geometrical analysis presented by

Young [49] and is shown in Figure 3.19.

Figure 3.19. Ageometric presentation of stenosis in the artery.

In general, it is assumed that the rate of change in the

radius of the vessel (R) is given by

0 otherwise (3.74)
“where g is a constant and t is a time constant for stenotic
growth. Integrating equation (3.74)
-t/T

)(1+cosm==) (3.75)

R = R0 - Tao(l-e zg

At t = 0 (no stenosis) R = R0
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As t -+ o and at :z 0 , & is maximum

and R-R0 = 2 Tag = Gm

so
= _8m oo -t/t Tz
R = R0 i (1-e (1 + cos z0)
.. _ : -t/

Defining ¢ = Gm(l-e )

R=R, - 3 (1+cosn2) (3.76)

0 2 z,

Since we are interested only in the maximum height of
stenosis where the stenosis is stabilized and doesn't

change appreciatly with time (at z = 0), then

R

~N| o>

R -

0 (1+1)

orTr

6§ =Ry - R (3.77)

Alternatively, shear stress is defined in another form as

a function of pressure drop across the stenosis (%%) s

where z = % %
- r AP
T 2 Az
where
AP 8u Q
Az T r4

SO

T = - %} f% ‘ (3.78)
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where u 1is viscosity of the flow. In normal cases when
there is no occlusion (r = RO), equation (3.78) can be
rewritten as
= 4 Q
T - R3 (3.79)
0
For stenosis where r = R, the shear stress can be expressed

as

= -4 Q
T, T3 (3.80)

But from equation (3.77)

§ R
_— = l -
RO R0
or
R §
= =1 - == (3.81)
Ro Rg
Dividing (3.80) by (3.79) and substituting (3.81),
T
0 § -3 1
— = (1-2)7° =
T R0 (1- ﬁ;.)S
0
or
T
0 1
— = (3.82)
T § 6,2 §.3
1-3 2+ 3 - ()
Ry ""Re” "Ry

T, can be calculated by having fluctuation velocities and T, can
easily be calculated‘from equation (3.79) by calculating

volume rate (Q) and by precisely calculating the diameter of
the vessel through scanning by a range gated device. There-

fore, Stenosis (&§) can be calculated.



CHAPTER IV
EXPERIMENTAL PROCEDURE

Experimental study of blood flow fields have been
augmented by theoretical models using computational fluid
dynamics. In order to verify the theoretical model, the
calculation of such parameters and flow characteristics as
Doppler angle, blood flow velocity, volume rate, velocity
profile, shear stress, etc. are essential. In order to cal-
culate these parameters, the Doppler signals must be captured,
digitized, stored, processed, and then analyzed. The data are
collected from various arteries of donor dogs and rabbits.

In this chapter, first, is presented an overall block
diagram of experimental model and each part of the model is
discussed. Then, the procedure and methods to calculate

flow parameters and characteristics will be discussed.

4.1 Experimental Model

The main purpose of our hardware system is to record
the Doppler signals from an ultrasound machine, display on
the chart recorder, transfer it to analog-to-digital con-
verter for digitization, select the appropriate periods of
the signals and store them on the file.

An overall block diagram of the system is depicted in

104
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Figure 4.1, and consists of the following units:
1. The variable pulsatile pump,
2. the developed dual transducer model,
3. the bidirectional pulsed Doppler ultrasound unit
with two channels,
4. the chart recorder to display analog signal,
5. the communication system,
6. the analog-to-digital convertor, and
7. the digital computer.

In the following pages, each unit will be discussed separately.

4.1.1 The Variable Pulsatile Pump

To evaluate the performance of the PTP-DU model for
the in-vitro experiment, a variable pulsatile pump model
(Bel O Just single 13", GRI) 1is used to produce, artifi-
cially, a pulsatile signal as the cardiac signal during in-
vitro experiments. The speed of the pump can be controlled
and varies at different levels. The pump perfused the cir-

cuit and a graduated cylinder collected the effluent.

4.1.2 The DTP-DU Transducer Model

The DTP-DU model was constructed using 20 MHz piezo-
electric ceramic and a periarterial cuff to orthogonally
place the crystals (Figure 3.4) was implanted in the

carotid artery of a dog (for in-vivo experiments).
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The isolated arteries from donor dogs and rabbits (for in-
vitro experiment) were obtained from the femoral, carotid or
terminal aortic root and perfused with an artificial blood
particulate suspension in water. The DTP-DUmodel transmitted
the ultrasound wave to the tissue and then received back the
backscattered signal from the tissue and retransmitted this

signal to the Doppler machine for further processing.

4.1.3 The Bidirectional Pulsed-Doppler Ultrasound Machine
with Two Channels

The data used in this study are collected with the
use of a bidirectional pulsed-Doppler ultrasound flowmeter
(University of Iowa, model 545C-3) with an emission fre-
quency of 20 MHz to produce the Doppler signal.

The 545C-3 unit has the ability to measure flow velo-
city at a specified distance from the face of the crystal
probe, rather than everywhere within range of the signal.
The range control adjusts this distance. The standard maxi-
mum range of this machine is 1.0 cm.

The principle behind this control is based on the fact
that it is a pulsed Doppler. That is, it transmits a short
burst of audio energy, then listens for an echo after some
time delay. Obviously, this delay is the determining factor
in the measurement of the distance that the audio signal has
traveled by the pulse.

In addition to the range control, this machine also
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has a sensitivity control and polarity control. The sensi-
tivity control adjusts the level of the Doppler signal
applied to the voltage-to-frequency converter stage, which
provided the "phasic" and "mean" output to a recorder or
oscilloscope. The polarity control determined which flow
direction resulted in positive output voltage polarity,
toward the crystal or away from it.

The output of the machine are range, phasic, mean and
audio 1 and 2. The range is a voltage proportional to the
setting of the "range'" control. It may be calibrated to any
convenient scale, although the standard calibration is 1.0
volt per centimeter. The phasic output is a signal related
to phasic velocity information and has a normal scale factor
of 0.5 volts per kilohertz of Doppler shift. The mean blood
velocity is introduced/delivered at the "mean” connectof
with the same scale factor as the phasic output. The signals
at "audio 1, 2" connectors are the actual signals and may be
used for a variety of purposes, such as spectral analysis or
external audio amplification. A complete description of the

545C-3 machine functions is presented in Appendix B.

4.1.4 The Chart Recorder
A Gould-2800 chart recorder (Figure 4.1) is used to
display the analog signals. This machine is also capable of

amplifying the signal to be transferred to the computer.
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The output of the amplifier is compared with the analog

signal to calculate the calibration factor.

4.1.5 The Communication Unit

The communication unit consists mainly of input/output
ports. Four input ports and four output pd}ts are built in
this unit. These ports are the communication link between
the pulsed-Doppler ultrasound machine and the analog-to-
digital converter. In addition to the communication unit
(connection box), there is a trigger unit that can synchro-
nize. the Doppler signal with the computer. The circuit is
initialized by one of the Doppler signal outputs form the

ultrasound machine.

4.1.6 The Analog-to-Digital Converter

The analog-to-digital converter enables the lab peri-
pheral system user to sample analog data at specific rates
and to store the equivalent digital value for subsequent
processing. Thé system consists of an 8-channel multiplexer
(eight single ended *5 inputs), sample and hold circuitry,
a 12-bit A/D converter, and six programmable light emitting
diode (LED) numerical readouts. Access is via the front
panel, shown in Figure 4.4. All eight channels are con-
nected to standard 1/4-inch, 3-terminal phone jacks on the
front panel, permitting direct interfacing with laboratory

equipment.
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For the present study, two software packages (see
Appendix C) are used. In the first program, '"DADC'" (analog
to digital program), file name of each test, required
sampling rate, number of beats and number of channels should
be provided. After selecting the appropriate periods, data
are recorded on the file. In the second program "DCFlow",
the data are converted to decimal values, the heartbeat is
calculated along with maximum, minimum and mean values in
each channel, the number of data in each trigger is deter-

mined and data are recorded on the file for further proces-

sing.

4.17 The Digital Computer

A PDP 11/34 minicomputer with 112k words (224k bytes)
of RAM is used to process the data in the first two stages
of digitizing and recording fhe data. The data are trans-
ferred via modem from PDP 11/34 to a VAX 11/ 780 (operating
system is UNIX 4.2 BSD) for further processing. The VAX
system is in communication with an IBM 3081. The statis-
tical analysis and plots are performed using SAS subroutine

available in the computer.



CHAPTER V
EXPERIMENTAL RESULTS

The digitized data mentioned in Chapter IV are stored
under the date in which the experiment is conducted. The
number of data in each file varies dependent upon the con-
dition of each experiment. In general, for each partic-
ular test, 8 to 10 sets of data (each containing 200 to 350
pts.) are recorded. In both in-vivo and in-vito experiments,
normal and stenotic arteries are investigated and results are
compared. In-vivo and in-vitro studies are divided into cate-
gories intended to evaluate the five major capabilities of
the dual transducer pulsed-Doppler ultradounds: measurement
of the Doppler angle, flow velocity, profile distribution,
volumetric flow and shear stress. One or more of these
capaFilities are evaluated during any single experiment. For
each éxperiment, a protocol is written and an experiment is
conducted, which follows the procedure outlined in the protocol.
In this chapter, in-vivo and in-vitro experiments that are
conducted at the University of Oklahoma Health Sﬁiénces
Center and the procedure to calculate different parameters

are described.

111
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5.1 Parameters Calculation

5.1.1 Doppler Angle
The Doppler angle is calculated using equation 3.42
at o = 90° as follows:

F2
8 = arc tan (?r-) (5.1)
1

where F1 and F2 are recorded Doppler signals.

5.1.2 Velocity
The velocity of blood flow is calculated from equation

(3.41) at a = 90° as follows:

————
v, = kv F% + F2

R 7 (5.2)

where k for 545C-3 machine is 78.25 and is given by the manu-
facturer designing the instrument. The individual velocity
components can be calculated from equations (3.37) and (3.38)

for o = 90° as follows:

fl

v k Fl/cose (5.3)

1
v, = k Fz/sine (5.4)
5.1.3 Blood flow volume rate

The volume rate is calculated by the following

expression:

Q =vp A (Iggo ) (5.5)
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where A is the cross-sectional area under investigation

2
(i.e., A = %?— , where D is the diameter of the vessel) and
cons tant (I%%D)is a unit converting constant for Q in

ml/min.

5.1.4 Shear Stress
To calculate shear stress, first the phase average of

the velocity is calculated from equation (3.57) as follows:

e~-13

= 1
<Vx(t)>

X V(xot + nT) (3.57)

n=1

Then fluctuation components of the velocity are calculated

from equation (3.58), that is
v' (x,t) =v(x,t) - Vi (t)> (3.58)

And finally, shear stress is calculated from equation (3.59)

as follows:

Tg = -p<u'v's> (3.59)

5.2 In-Vivo Experiment

The constructed DTP-DU model is implanted on the
carotid artery of a 27-pound dog. Acute surgical technique
is used and under barbiturate anaesthesia, the common caro-
tid artery is exposed.

The experiment is conducted at three different
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tanges and three different heartbeats. For each test, normal
stenosis (25 to 45 percent) and occluded artery (85 to 95
percent), the Doppler angle, blood flow velocity and blood
flow volume rate are calculated. The ultimate goal of this
experiment is evaluating the performance of DTP-DU model in

measuring Doppler angle in different situations.

5.2.1 Experimental Results

5.2.1.1 Normal Heartbeats (180 bPm)

5.2.1.1.a Range a (1/6 of diameter)

In this part of the experiment, the heartbeat remains
stable at normal conditions. Four different tests are con-
ducted for normal and stenotic common carotid artery. The
output Doppler signals for these tests are shown in Figures
5.1, 5.2, 5.3 and 5.4. It can be seen that by increasing
the degree of stenosis, the amplitude of the Doppler signals
are decreased. The Doppler angle, flow velocity and blood
flow volume rate are calculated from equations (5.1), (5.2)
and (5.5), respectively. "The diameter of the vessel in
normal condition is 3 mm. The stenosis in the diameter of
the vessel are imposed using a micrometer and they are 2, 1,
and 0.5 mm for three different categories of stenosis. The
results are presented in Table 5.1. The mean value of the

Doppler angle in this part of the experiment is 51.04°.
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rigure 5.1 The Doppler signals recorded from normal
~common carotid artery at range a.

Figure 5.2 The Doppler signals recorded from stenotic (25
percent to 35 percent) common carotid artery at
range a.
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Figure 5.3 The Doppler signals recorded from stenotic (45
to 55 percent) common carotid artery at range a.

Figure 5.4 The Doppler signals recorded from occluded (85
to 95 percent) common carotid artery at range a.
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Table 5.1

The Doppler Angle, Flow Velocity and Flow Volume Rate for
Normal Condition of the Heart.

Range Doppler Angle (8) Velocity Diameter Volume Rate

(degrees) (mm/sec) (mm) (ml1/min)
a 50.32 154.20 3 65.49
a 52.83 151.18 2 28.54
a 52.20 132.95 1 6.27
a 49.33 101.76 0.5 1.20
b 54.33 154.36 3 65.56
b 57.78 151.01 2 28.50
b 51.03 147.99 1 6.98
o 50.99 148.98 3 63.27
c 54.91 125.70 2 23.73

c 48.63 125.02 1 5.90
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The normalized error in each case varies from 1.4 percent
to 3.3 percent. The results indicate that a 1large reduction

in the diameter causes a great  change in the Doppler angle.

5.2.1.1.b Range b (1/3 of diameter)

In this part of the experiment, the heartbeat is still
normal and is in stable condition, but the range in which the
data are taken is changed from 1/6 of the diameter to 1/3 of
the diameter from the near wall. Three different vessel
diameters (normal, 25 to 35 percent and 45 percent to 55 per-
cent) are tested. The output Doppler signals from each test
are shown in Figures 5.5, 5.6 and 5.7. Since the range is
closer to the center compared with the previous range,the sig-
nals have a higher value of amplitude. The Doppler angle,
blood flow velocity and blood flow volume rate are calculated.
The results are presented in Table 5.1.

The mean value of the Doppler angle in this test is
54.21°, with normalized error ranging from 2.0 percent to

5.6 percent.

5.2.1.1.c Range c (1/2 of the diameter)

In this part of the experiment, the heartbeat is again
normal and in stable condition, but the range in which data
are taken is changed to 1/2 of the diameter. The Doppler
signals are taken from three different vessel diameters

(normal, 25 percent to 35 percent and 45 percent to 55
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Figure 5.6
ro 35 percent) common carotid artery at range b.
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The Doppler signals recorded from stenotic (45

Figure 5.7
to 55 percent) common carotid artery at range b.
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percent) and are shown in Figures 5.8, 5.9 and 5.10, respec-
tively. Since the Doppler signals are recorded from the
center point of the artery, the highest value for the ampli-
tude can be observed. The Doppler angle, blood flow velocity
and blood flow volume rate are calculated. Results are pre-
sented in Table 5.1. The mean value of the Doppler angle in
this test is 51.51°. The normalized error varies from 1 per-
cent to 5.5 percent.

The Doppler angles are found in agreement in a repeti-
tive series of tests. The overall mean value of the Doppler
. angle is 52.25° with overall normalized error of 2 percent to

percent.

5.2.1.2 Reduced Heartbeats (150 bpm)

To investigate the effect of reduction in heartbeats
on the calculation of the Doppler angle and blood flow
volume rate, Phenylephrine dyrupathonimetic was injected to
increase the pressure of the blood flow. The number of
heartbeats is measured from the chart recorder and is 150
bpm, a reduction of 16.67 percent. The data recorded in this
experiment are faken from only one particular range (center
of the artery). The output Doppler signals are shown in
Figures 5.11, 5.12, 5.13 and 5.14. The figures indicate a
large reduction in the amplitude of the Doppler signal due to
the lower heartbeat or increase in the pressure. The Doppler

angle, flow velocity and blood flow volume rate are calculated



= = ET
; = A
SRS %&: e e o

Figure 5.8 The Doppler signals recorded from normal
common carotid artery at range C.
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Figure 5.9 The Doppler signals recorded from stenotic (25
to 35 percent) common carotid artery at range cC.
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Figure 5.10 The Doppler signals recorded from stenotic (45
to S5 percent) common carotid artery at range C.
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Figure 5.11 The Doppler signals recorded from normal common
carotid artery at the center (heartbeats=150 bpm)
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Figure 5.12 The Doppler signals recorded from stenotic (25
to 35 percent) commoa carotid artery at the center (heart-
beats = 150 bpm).
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Figure 5.13 The Doppler signals recorded from stenotic (45
to 55 percent) common carotid artery at the
center (heartbeats = 150 bpm).

— —==
= —
LI B s A I AL | —tr -+ 1 r + + ft 1t -t
T —— __g

Figure 5.14 The Doppler signals recorded from stenotic (85
to 95 percent) common carotid artery at the
center (heartbeats = 150 bpm).
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and the results are presented in Table 5.2. The mean
Doppler angle in this experiment is 49.58°with a normalized
error of 2 percent to 3 percent. As expected, because of
the increase in the pressure of the blood flow, the volume
rate has declined by a factor 'of almost 3 in normal diameter
of the common carotid artery compared with the normal dia-

meter in the previous experiment (normal heartbeat).

Table 5.2

The Doppler Angle, Blood Flow Velocity, and Blood Flow
Volume Rate for Reduced Heartbeats (150 bpm)

Doppler Angle (8) Velocity Diameter Volume Rate

(degrees) (mm/sec) (mm) (m1/min)
47.87 94.79 3.0 40.26
49.68 88.60 2.0 16.72
50.98 90.18 1.0 4.26
49.81 - 67.63 0.5 0.80

5.2.1.3 Increased Heartbeats (190 bpm)

To investigate the effect of lower pressure and in-
crease in the heartbeat on the Doppler angle and blood flow
volume rate, nitroprusside was injected. The number of
heartbeats from the chart recorded was measured at 190 bpm.
The data taken from the center point of the artery is recorded.
The output Doppler signals are shown in Figures 5.15, 5.16
and 5.17. These signals seem to be rather unstable in
different periods of cardiac cycles, which is due to sudden

changes in heartbeats. The Doppler angle, blood flow
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Figure 5.15 The Doppler signals recorded from normal
common carotid artery at the center (heart-
beats = 190 bpm).

= Eﬁ= 3t = —
‘ SRR e
# T ¥ Ll T L] ¥ L] ) pl’ T ' ) LB T
¥ : Eiﬁ : 5= : =
: e e e

Figure 5.16 The Doppler signals recorded from stenotic
(25 to 35 percent) common carotid artery at
the center (heartbeats = 190 bpm).
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Figure 5.17 The Doppler signals recorded from stenotic
(45 to 55 percent) common carotid artery at
the center (heartbeats = 190 bpm).
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velocity and blood flow volume rate are calculated. The
results are presented in Table 5.3 The mean Doppler angle
in this experiment is 48.9, with normalized error of 4 per-
cent to 4.9 percent. As expected, because the pressure in
the blood flow is lower, the volume rate has increased drama-
tically compared with the previous setup (from 40.26° to

62.98° in normal condition of the artery).

Table 5.3

The Doppler angle, Blood Flow Velocity, and Blood Flow
Volume Rate for Higher Number of Heartbeats (190 bpm).

Doppler Angle (8) Velocity Diameter Volume Rate
(degrees) (mm/sec) (mm) (m1/min)
51.32 148.30 3.0 62.98
46.83 147.59% 2.0 27.86
48.57 142.31 1.0 6.72

The data presented in this experiment show that the
DTP-PU model is an effective tool for analysis of the
Doppler signals. Comparison among the results indicate an
agreement for Doppler Angle in different conditions of a
particular experiment. Overall results show the the Doppler
angle is about 50° in almost all the tests conducted in this
experiment. Another result is the ability of the device in
detecting the blood flow under different conditions. This was
demonstrated by incréasing or decreasing the pressure of the

blood using different drugs. It was shown that if pressure
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increased, the blood flow volume rate decreased and vice
versa. The Doppler angle remained mostly stable unless

there was a dramatic change in the diameter of the artery.

5.3 In-Vitro Experiments

To further evaluate the performance of dual trans-
ducer pulsed-Doppler ultrasound and to verify the results
of in-vivo experiments, an in-vitro perfusion bath as shown
in Figure 4.1 was constructed. 1Isolated arteries from donor
dogs and rabbits were obtained from the femoral, carotid or
terminal aortic root and perfused with an artificial blood
particulate suspension in water. The volumetric flow was
measured by the classical "bucket and stopwatch'" technique
and compared with the digital calculations obtained on the
PDP11/34. Three different experiments were performed using
three different arteries. For each segment of each experi-
ment, 8 to 15 sets of ‘data were recorded and were averaged
to calculate the Doppler angle, blood flow velocity and
. blood flow volume rate. To verify the results for each
experiment, the volume rates were measured and compared with

the calculated value from the experiments.

5.3.1 Calculation of the Velocity and Volume Rate (femoral
artery)
In this experiment, an isolated artery from a donor

dog was obtained from the femoral artery. The main goal of
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this study 1is to verify the results obtained in in-vivo ex-
periments for calculating the Doppler angle. The tool for
verification is measured volume rate which is compared with
calculated volume rate from different tests conducted in
this experiment.

Figures 5.18, 5.19, 5.20, and 5.21 show the output
Doppler signalsrecorded from a normal femoral artery for
different volume rates. The change in volume rate is re-
flected in the amplitude of the Doppler signals. The dia-
meter of the artery in all normal cases is 2.75 mm. The
Doppler angle, blood flow velocity and blood flow volume
rate are calculated. The results are presented in Table
5.4. Figures 5.22, 5.23, 5.24 and 5.25 show the output
Doppler signal for the stenotic artery (33 percent and 50
percent). Again, the Doppler angle, blood flow velocity and
blood flow volume rates are calculated. The results are
presented in Table 5.5.

The mean value of Doppler angle for the normal femoral
artery is 63.8° with normalized error ranging from 2 percent
to 3.3 percent. The volume rate at each setup is different
and depends on the conditions of that particular test. How-
ever, the normalized érror in calculation ‘of volume rate
varies from 2.5 percent to 5.9 percent.

The mean value of the Doppler signal for stenotic (33

percent) femoral artery is 58.33, with normalized error
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The Doppler signals recorded from normal
femoral artery for Qm= 94 ml/min.

The Doppler signals recorded from normal
femoral artery for Qm= 85 ml/min.



Figure 5.20 The Doppler signals recorded from normal
femoral artery for Qm= 95 ml/min.

Figure 5.21 The Uloppler signais recorded from normal
femoral artery for Q= 95 ml/min.



Table 5.4

The Doppler Angle, Measured and Calculated Volume Rate at Different Ranges for
Normal Femoral Artery.

Test . Doppler Angle (6) Velocity Diameter Qm Qcal
Number (degrees) (mm/sec) (mm) (m1/min) (ml1/min)
1 62.23° 255.76 2.75 94 91
2 62.62° 244.986 2.75 85 87.166
3 " 64.43° 282.79 2.75 95 100.61
4 65.95° 319.63 2.75 108 113.22
Table 5.5

The Doppler Angle, Measured and Calculated Volume Rate at Different Ranges for
Different Degrees of Stenosis for the Femoral Artery.

129!

Test Doppler Angle (6) Velocity Diameter Qm Qcal
Number (degrees) (mm/sec) (mm) (m1/min) (m1l/min)
1 (33%) 59.3° 219.75 1.83 40 34.81
2 (33%) 57.5° 211.43 1.83 41 33.46
3 (33%) 58.19° 205.11 1.83 41 32.46

4 (50%) 64.7° 112.5 1.375 17 10.072




The Doppler signals recorded from stenotic (33
percent) femoral artery at 1/3 range (Qm = 40

ml/min) .

Figure 5.22

The Doppler signals recorded from stenotic (33

Figure 5.23
percent) femorai artery at 2/3 range (Qm=41 ml/min)
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Figure 5.24 The Doppler signals recorded from stenotic (33
percent) femoral artery at 1/2 range (Qm=4l ml/min.
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Figure 5.25 The Doppler signals recorded fromstenotic (50
percent) femoral artery at 1/3 range (Qm=l7 ml/min.
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ranging from 1.4 percent to 1.6 percent. for 50 percent
stenosis, the Doppler angle is 64.7°. From this experiment
and other similar experiments, we concluded that the DTP-DU
model is a reliable device to calculate the Doppler angle.
The Doppler angle was consistently very close to normal and
dilated or constricted arteries under the same conditions.
In calculating the blood flow volume rate, the standard for-
mula (Q = v+*A) can .be used for normal arteries. For con-
stricted arteries, however, this method is not reliable
enough and other methods, such as velocity profile (for
laminar flow) and shear stress (for turbulent flow) can be
used. In the next section, velocity profile method is inves-

tigated.

5.3.2 Calculation of Volume Rate from Velocity Profile
(femoral artery)

As mentioned in the previous section, an alternative
to calculate blood flow volume rate is using the flow velo-
city profile. In this experiment, the femoral artery from
a donor dog is used, and by scanning throﬁgh the diameter
using range control, the velocity profile is produced.

The procedure to produce the velocity profile is as
follows:

1) By scanning through the diameter, 3 to 10 sets of

data for each range from the near wall to the far

wall is recorded.
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2) The Doppler angle is calculated from the center
point in the artery.

3) Blood flow velocity at each particular range is
calculated and is averaged to obtaln the velocity
value at that particular range.

4) Average blood flow velocity for the velocity pro-
file from wall to wall is calculated.

5) Diameter of the artery is measured (either by
micrometer or by using output range of the machine:
in this case, 1 volt per centimeter) and along
with the diameter, the area is calculated.

6) Blood flow volume rate is calculated multiplying
average blood flow velocity and area.

In the above procedure, actually, area under the velocity
profile is calculated. If there is more radical changes in
the velocity profile, other methods of calculating integrals
such as curve fitting or Simpson's role might be used.

The diameter of the femoral artery under investigation
is 3 mm. Using the procedure mentioned earlier, four normal
and two stenotic arteries are investigated. For each normal
and stenosis case, the volume rate is measured at different
ranges and then averaged to obtain a more accurate value for
measured volume rate for comparison with calculated volume
rate. Figures 5.26, 5,27, 5.28, 5.29, 5.30, 5.31, and 5.32

show a complete set of Doppler signals, recorded at
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Figure 5.26 The Doppler signals recorded from normal femoral
artery at a range close to the near wall (1lst range).

Figure 5.27 The Doppler signals recorded from normal
femoral artery (2nd range).
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Figure 5.28 The Doppler signals recorded from normal
femoral artery (3rd range).

Figure 5.29 The Doppler signals recorded from normal
femoral artery at the center.
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Figure 5.30 The Doppler signals recorded from normal
femoral artery (6th range).
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Figure 5.31 The Doppler signals recorded from normal
femoral artery (7th range).
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Figure 5.32 The Doppler signals recorded from normal
femoral artery at a point close to far wall
(8th range).
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different ranges. Figure.5.33a shows the velocity profile
for the normal case. The results of normal cases are pre-
sented in Table 5.6. As can be seen from the results,

the normalized error is ranging from 4 percent to 5 percent
comparing measured and calculated volume rate. Figure 5.33b
shows the velocity profile for one of the cases of stenosis
(33 percent to 35 percent). The results of stenosis cases
are presented in Table 5.7. The results show a higher per-
centage of error compared with normal cases. The following
reasons contribute to this problem:

In our experiments, we use real tissues to have more
realistic results. The tissues are mostly from dogs which
their femoral, carotid and aorta arteries are smaller than
human arteries. The stenosis developed mostly in humans
with an age of thirty years and over. In this category of
human age, arteries are fully developed. The diameter of
the femoral artery is between 6 to 8 mm, for the common
carotid artery is between 6 to 9 mm, and for the aortic root
is between 6 to 10 mm. Therefore, scanning through arteries
of a human is much easier and more points for a particular
velocity profile can be recorded. Therefore, more accurate
results as for the normal case can be extracted. ﬁéspite
this limitation, the Doppler angle is found in agreement in

different tests (normal and stenosis).
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Figure 5.33a The velocity profile for normal femoral artery.
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Figure 5.33b The velocity profile for stenotic (33 to 35
percent) femoral artery.
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Table 5.6

The Doppler Angle, Blood Flow Volume Rate and E% for Normal
Femoral Artery.

Test Doppler Measured Calculated
Number Angle (@) Volume Volume E%
(degrees) Rate(Qm) Rate(Qcal)
a 1 67.17° 98 101.19 4%
a 2 67.20° 96 101.26 4%
b 3 64.95° 87 90.757 5%
b 4 64.49° 83 71.71 5%
The Doppler Angle, Blood Flow Volume Rate and E% for
Stenotic Femoral Artery (33 percent to 35 percent).
Test Doppler Measured Calculated
Numbe T Angle (8) Volume Volume e%
(degrees) Rate(Qm) Rate(Qcal)
1 63.46 34 36.96 8%

2 64.537 34 38.96 12%
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5.3.3 Determination of Statistical Parameters at Flow
Volume Rate (carotid artery)

In order to complete our investigations in the area of
calculating Doppler angle and blood flow volume rate, the
present experiment is conducted. The goals of this experi-
ment are to calculate volume rate in various situations such
as different speeds of the pulsatile pump and different sizes
of tubing, and to determine statistical parameters such as
mean, standard deviation and variance. The procedure to
accomplish the above goals is as follows:

1) Set the pulsatile pump speed at the lowest

possible rate.

2) Measure carefully the volume rate (3 to 4 times)
at the start of each triggering and also at the
end of each test and calculate the average value
of measured volume rate.

3) Display the output Doppler signals on the chart
recorder and mark carefully the range which is used
for displaying the signals.

4) Trigger the pulsed-Doppler ultrasound instrument
and computer.

5) Record between 8 to 10 sets of data for each
triggering.

6) Change the speed of the pulsatile pump and tubing

to have different volume rate and repeat points
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2 to 5 of the procedure for each new setup.

7) Measure the diameter of the artery a few times
throughout the experiment.

To determine the statistical parameters, the following

calculations are performed:

1) Calculate the cross sectional area of the artery
under investigation using the measured diameter.

2) Calculate the Doppler angle using the output
Doppler signals.

3) Calculate average velocity and velocity components
for each transducer using the calculated Doppler
angle.

4} Calculate the volume rate from the velocity for
each time that the trigger was performed.

5) Calculate average volume rate, standard deviation
and variance for each setup and compare the results
with the measured volume rate.

The artery used in this experiment is isolated carotid
from a donor rabbit with the diameter of 2.7 mm. The Dop-
~pler signals recorded from various tests performed in this
experiment, are shown in Figures 5.34, 5.35, 5.36, 5.37,
5.38, 5.39, 5.40, 5.41, 5.42 and 5.43. The effécts of dif-
ferent volume rates caused by changes in the size of the
tubing or speed of the pulsatile pump are reflected on the

amplitude of the Doppler signals. The numerical results are
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Figure 5.34 The Doppler signals recorded from normal
carotid artery for Qm= 23.5ml/min (test C).
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Figure 5.35 The Doppler signals recorded fromnormal carotid

artery for Qm = 35 ml/min (test J).
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The Doppler signals recorded from normal carotid

Figure 5.36
artery for Qm= 58 ml/min (test N)
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The Doppler signals recorded fromnormal carotid

Figure 5.37
artery for Qm = 59 ml/min (test H).
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Figure 5.38 The Doppler signals recorded fromnormal carotid
artery for Qm= 62.5 ml/min (test P).
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Figure 5.39 The Doppler signals recorded fromnormal carotid
artery for Q = 65 ml/min (test R).
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Figure 5.40 The Doppler signals recorded fromnormal carotid
artery for Qm= 83.75 ml/min (test E).
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Figure 5.41 The Doppler signals recorded fromnormal carotid
artery for Qm= 86 ml/min (test D).
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Figure 5.42 The Doppler signals recorded fromnormal carotid
artery for Qm= 93.75 ml/min (test C).
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Figure 5.43 The Doppler signals recorded fromnormal carotid
artery for Q.= 95.5 ml/min (test I).
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presented in Appendix A, where the parameters are as follows:

8 Doppler angle
Q volume rate
v averaged velocity

AI/B' ratio of maximum to minimum point

1
bpm number of beats per minute

Pts number of points in each triggering

The overall results of the experiment are presented in Table

is

5.8. In this table Qm is mean measured volume rate, QCal

mean calculated volume rate, og,is standard deviation. A plot
presenting these statistical values is depicted in Figure
5.44. The average percentage of error is 4.38 percent,
ranging from 0.03 percent to 12.42 percent. Most of the
results are in agreement except for two tests (H and N).
Tﬁese two tests are taken at the time where there is sudden
change in the speed of the pulsatile pump. Since it takes

a few minutes for flow to become steady and fully developed,
the disagreement might be the result of unsteady flow.

Among 26 different tests which were performed for eval-
uation of the dual transducer pulsed-Doppler ultrasound
model, only four of them gave inconsistant results and the
other 22 tests were in agreement. In summarizing the re-
sults of these experiments we have found that the dual
transducer (DTP-DU) system provides greater accuracy in the

measurement of blood flow velocity compared with the



Table 5.8

The Doppler Angle, Measured Volume Rate, Mean Value of Calculated Volume Rate and
Standard Deviation of Calculated Volume Rate.

Test Measured Q Calculated Standard Q. q*+0 Q. 1-0© Doppler
Number (Qm) Q (Q.,q) Deviation (o) Angle(8)
F22C 94.5-93=93.75 93.783 1.858 95.641 91.927 43.81
F22D 86 90.733 0.846 91.579 89.887 45.00
F22E 83.5-84=83.75 89.005 1.176 90.181 87.829 45.55
F22H 58-60=59 53.152 1.563 54.715 51.589 42.98
F221 95-96=95.5 94.131 1.663 45.794 92.468 44.30
F22J 35 33.772 0.987 34.759 32.785 40.90
F22K 35 34.483 1.278 35.761 33.205 43.962
F22L 23.5 23.274 1.013 24.287 22.261 15.984
F22N 58 50.793 2.05 52.843 48.743 44.69
F22P 62.5 62.726 2.474 65.2 60.252 46.013
FZ2R 65 60.765 2.001 62.766 58.764 46.039
F22S 65 60.765 2.001 62.766  58.764 46.039
Dec 83 70 71.247 3.682 74.929  67.565 32.55

Dec 87 83 81.709 1.299 83.008 80.410 25.44

PST
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conventional single transducer (STP-DU) systems.

5.3.4 Determining Turbulent Flow Characteristics (carotid
artery)

The purpose of this experiment is to explore the
effect of the stenosis upon the characteristics of turbulent
flow. The measurement of velocity profiles and turbulent
shear stresses are obtained using the dual-transducer pulsed-
Doppler system. The experiment is performed using a turbu-
lence-producing orifice 1 mm diameter and approximately 5 mm
axial length, which is inserted at the distal end of the

artery as illustrated in Figure 5.45. Turbulent flow

3 mm
1
l 20™0

..l
j
b\

~Noe [ T

Transducers

‘_[_W_///

Orifice
Figure 5.45 Turbulent producing orifice.

occurred downstream from the orifice. Thus, at appropriate
Reynolds number, there is laminar flow upstream from the
orifice, and turbulent flow downstream from the orifice.
The random fluctuating velocities associated with the tur-

bulent flow is displayed on the chart recorder and then



157

digitized for further analysis.
The experiment's procedure is as follows:
1) Display the velocity profile of the blood flow,
2) Obtain the center point of the artery for cal-
culating the Doppler angle, either by scanning
through the diameter or by measurement from the
velocity profile,
3) Perform 2 to 3 tests for each case of normal
and stenosis,
4) Trigger each test separately, and
5) Measure the diameter of the artery for each test.
The analog signal is digitized and then processed to
obtain phase average of the variation of the velocity and
distribution of turbulent shear stress. To calculate shear
stress, first phase averages of the velocities are calcu-
lated using equation (3.57), second fluctuations are cal-
culated using equation (3.58) and finally, shear stress
is calculated from equation (3.59). Time average of
shear stress is also calculated and the results of
normal and stenosis artery are compared. One normal and
three different degrees of stenosis (25 percent, 50 percent
and 75 percent) are investigated. The artery under investi-
gation is a specimen of the carotid of a donor dog.
Figure 5.46 and 5.47 are illustrations of velocity

profile and a sample of analog Doppler signal in the normal



Figure 5.46 The velocity profile recorded from normal
carotid artery in turbulent flow.
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Figure 5.47 An example of Doppler signals recorded from
normal carotix artery in turbulent flow.



159

case. Figure 5.48 and Figure 5.49 illustrate the velocity
profile and Doppler signals recorded from the stenotic
artery (25 percent). Figures 5.50 and 5.51 show velocity
profile and an example of analog Doppler signal, recorded
from the stenotic artery (50 percent). Figures 5.52 and
5.53 show the velocity profile and an example of analog
signals recorded from the stenotic artery (75 percent).
Figures 5.54, 5.55, 5.56 and §.57 show velocity, phase average
of the velocity and fluctuations in the normal and the
stenotic artery. The effect of different degrees of
stenosis are reflected in the value of the velocities in
those figures. Figures 5.58, 5.59, 5.60 and 5.61 show
shear stress and time average shear stress. Time average
value of shear stress for normal arteries is 93; for 25
percent, stenosis is 75; for 50 percent, stenosis is 48;
and for 75 percent, stenosis is 15. As we can see, the time
average of the shear stress associated fairly with the
degree of stenosis in most of the cases. Although the time
average shear stress might show reasonable results in a
particular case of turbulent flow, in general, because of
the nature of turbulency, it is not a reliable approach
for analysis of turbulent flow and classifying the degrée

of stenosis.
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Figure 5.48 The velocity profile recorded from stenotic (25
percent) carotid artery in turbulent flow.
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Figure 5.49 An example of Doppler signals recorded fromstenotic
(25 percent) carotid artery in turbulent flow.
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Figure 5.50 The velocity profile recorded fromstenotic (50
percent) carotid artery in turbulent flow.
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Figure 5.52 The velocity profile recorded from stenotic (75
percent) carotid artery in turbulent core.
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Figure 5.53 An example of Doppler signals recorded from
stenotic (75 percent) artery in turbulent flow.
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5.3.5 Determining the Percentage of Stenosis Using
Turbulent Flow Characteristics (carotid artery)

The purpose of this experiment is, first, to evaluate
the effect of the different degrees of stenosis upon the
characteristics of turbulent flow. Second, is to determine
the percentage of stenosis from the characteristics of tur-
bulent flow such as shear stress, using theoretical develop-
ments in Chapter III, section 3.3. Again, the measurements-
of velocity profiles and turbulent shear stress are obtained
using the dual. transducer pulsed-Doppler ultrasound system.
The turbulency is produced as it was described in the pre-
vious experiment. |

The procedure for the experiment is as follows:

1) Display the velocity profile of the blood flow.

2) Obtain the center point to calculate the Doppler

angle.
3) Perform one test for each particular range in the
profile for both normal and stenotic artery (8 to
10 periods).

4) Trigger each test separately.

5) Measure the diameter of the artery for each set of
normal and occluded arteries. .

The analog signal is digitized and then processed to
obtain velocity, phase average of the velocity, fluctuations

and shear stress of the turbulent flow. Three different
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degrees of stenosis (25 percent, 33 percent and 50 percent)
along with normal arteries are investigated. Verification
has been made by comparing the measure stenosis and calcu-
lated one. The artery under investigation is a specimen

of the carotid artery of a donor dog. Figures 5.62, 5.63,
5.64, and 5.65 show the velocity profile in normal, 25 per-
cent, 33 percent and 55 percent stenosis. Notice the effect
of stenosis on vélocity profiles for the different cases.
Figures 5.66 and 5.67 show the output Doppler signals from
the near wall and the center of the carotid artery in the
normal case. The difference between these two figures 1is

a clear indication of the effect of the range in which the
data are recorded. Also, a comparison between Figure 5.67
and 5.69 shows that in lower degrees of stenosis, the
changes in the Doppler signals at the center are minimal.
Figures 5.68, 5.69 and 5.70 shcw the output Doppler signals
from the near wall, center point and the far wall of the
stenotic artery (25 percent), respectively. Figures 5.71,
5.72 and 5.73 show the output Doppler signals from the near
wall, center point and far wall of the stenotic carotid
artery (33 percent) in turbulent core. Comparing Figure
5.67 with 5.72, a dramatic change in the amplitude of the
Doppler signals due to an increase in the degree of the
stenosis can be observed. Figures 5.74, 5.75 and 5.76 show

the output Doppler signals'from the near wall, center point
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Figure 5.62 The velocity profile recorded from normal
carotid artery in turbulent flow.

Figure 5.63 The velocity profile recorded from stenotic (25
percent) carotid artery in turbulent flow.
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Figure 5.64 The velocity profile recorded from stenotic (33
percent) carotid artery in turbulent flow.

'Figure 5.65 The velocity profile recorded from stenotic (50
ercent) carotid artery in turbulent flow.
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Figure 5.66 The Doppler signals recorded from the near wall
of the normal carotid artery.
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Figure 5.67 The Doppler signals recorded from the center of
the normal carotid artery.
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Figure 5.69
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The Doppler signals recorded from the near wall
of the stenotic (25 percent) carotid artery.
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The Doppler signals recorded from the far wall

Figure 5.70
of the stenotic (25 percent) carotid artery.
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The Doppler signals recorded from the near wall

Figure 5.71
of the stenotic (33 percent) carotid artery.
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Figure 5.72 The Doppler signals recorded from the center of
the stenotic (33 percent) carotid artery.

i

Figure 5.73 The DOppier signals recorded from the far wall
of the stenotic (33 percent) carotid artery.
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The Doppler signals recorded from the near wall

Figure 5.74
of the stenotic (50 percent) carotid artery.
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the stenotic (50 percent) carotid artery.
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and far wall of the stenotic (50 percent) carotid artery in
turbulent flow. The effect of further reduction in the
degree of the stenosis can be seen clearly by comparing
Figure 5.75 with Figures 5.72, 5.67, or 5.65. Figures 5.77
5.78, 5.79 and 5.80 show the velocity and phase average.of
the velocity. The effect of the changes in the degree of
the stenosis is reflected on the velocity amplitude. 1In
Figures 5.81, 5.82, 5.83 and S5.84, the fluctuations for
normal, 25 percent, 33 percent and 50 percent stenosis is
shown, respectively. An increase in the level of fluctua-
tion can be observed due to the increase in the degree of
stenosis. Figures 5.85, 5.86, 5.87 and 5.88 show the power
spectrum of shear stress. The distinction between normal
and stenosis can be made by comparing these figures. The
main point in this experiment is in calculating § (degree
of stenosis) from equation (3.79) and equation (3.80). To
accomplish the above goal, the following procedure has been
followed:

1) The flow volume rate for each case of normal and

stenosis is calculated.
2) The shear stress at the near wall (maximum vari-
| ation) for each case is calculated.
3) Dividing equation (3.80 by (3.79), the following

equation is obtained:
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Figure 5.78 The velocity and phase average of the velocity
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Figure 5.79 The velocity and phase average of the velocity
for stenotic (33 percent) carotid artery.
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Figure 5.80 The velocity and phase average of the velocity
for stenotic (50 percent) carotid artery.
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T
T_O = (5.6)
n

where L and T, are shear stresses, Q, and Q1 are volume

0
rates, and R0 and'R1 are the radius, in the normal_stenotic;

and stenotic artery, respectively.
From equation (3.77), the height of the stenosis (6 )
at midpoint, can be calculated and from that the percentage

of the stenosis (st. %) as follows:

0 1
o = O o
st.% = = 100% (5.7)
0

In this experiment, the flow volume rate, along with shear
stress, are calculated, using the measured diameter of the
artery. The results are presented in Table 5.19. The
calculated results are slightly different than measured
results. Although this work is the first attempt ever to
calculate directly the partial occlusion, the following
problems can be recognized as contributing to this problem:
1) The diameter is measured by micrometer. The
error in reading the exact value and changes in
elasticity of the artery can influence the exact
measurement, and contribute some error.
2) The calibration between the chart recorder and

the computer also can contribute some error to



Table 5.9

Test Volume Shear g%i:gs Volume Rate Radius R Stenosis Stenosis
Condition Rate Stress Ratio (ratio) (mm) (mm) (%)
To/Tn Q1/QO
Normal 137.96 9351 1 1 1.5 - -
25% stenosis 79.25 11597 1.236 0.574 1.16 0.338 22.56
33% stenosis 61.70 11699 1.751 0.447 1.064 0.435 29.02
50% stenosis 24.63 8354 0.893 0.1785 0.87 0.63 42

S61
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the process.

3) The frequency to voltage converter in the pulsed-
Doppler instrument is also a major factor that
can change the results.

Despite the difference between measured and calcu-
lated percentage of occlusion caused by the above-mentioned
problems and other factors, the results of this experiment
can serve as the first step in calculating the partial

occlusion.



CHAPTER VI
SUMMARY

In the theoretical portion of the present study, a
practical approximation for the backscattering of periodic
bursts of damped sine wave was developed by a volume of
randomly distributed scatterers. The approximation was
applied to the measurement of a volumetric backscattering
cross section, taking into account structural parameters of
the tissue and acoustical properties of ultrasound
scattering. This provided a means of describing the Doppler-
shifted signal content which in turn was used to study the
theoretical behavior of blood flow. The Doppler-shifted
signal was presented following the theoretical procedure to
obtain such a signal by pulsed-Doppler ultrasound instru-
ments.

The relationship between Doppler-shifted frequency
and velocity of the blood was described, and a dual-trans-
ducer model was developed to calculate the most important
parameter (Doppler angle) in that relationship. The calcu-
lation of Doppler angle allowed the accurate measurement of
the blood flow velocities. The superiority of the developed

model in obtaining the flow velocity was verified by

197
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theoretically comparing it with the conventional single
transducer model. The application of the developed model
in both laminar and turbulent blood flow pattern was out-
lined and it was shown that in fact the new model is the
only effective tool to obtain turbulent blood flow charac-
teristics such as turbulent intensity and shear stress,
since two or more components of the velocities are required
to obtain such characteristics. Also, in the theoretical
development of this study, a direct relationship between
turbulent blood flow characteristics and structural changes
of the artery was presented, which is of great importance
in medical applications.

The theoretical analyses were verified by experi-
mental analysis and were found to be in general agreement.
In acute animal experiments (in-vivo), instantaneous flow
tracings of the carotid artery were obtained with a direc-
tional pulsed-Doppler ultrasound at rest and under anes-
thesia. Results of in-vivo experiments in obtaining the
Doppler angle and blood flow velocities were verified by an
in-vitro experimental model using a pulsatile pump as the
source of producing the blood flow. In addition to the
above in-vitro experiment, other in-vitro experiments were
conducted to evaluate the performance of the developed
transducer model in this study by presenting the results

for blood flow velocities, blood flow velocity profile,
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volume flow rate and shear stress. Since the most important
objective of the pulsed-Doppler ultrasound instrument is
quantitative assessment of the state of peripheral arterial
diseases, attemps have been made to relate the blood flow
characteristics with the degree of stenosis.

The developed model in this study was implemented
internally in in-vivo experiments. However, the noninvasive
application of a dual model is foreseeable for future work,
using the aid of microprocessor control systems. For
accomplishing this goal, the basic design considerations of
a dual-transducer model has been outlined in the hope of
acquainting the potential user with both the possibilities
and the limitetions inherent in such a model. In addition
to this, the most important recommendation for future
studies is the design of a more comprehensive device or
development of a different procedure to be utilized for
converting the Doppler shifted signal to instantaneous
velocity waveform, which can eliminate many errors

inherent with the use of zero-crossing converters.
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Table A.1

Test Doppler Angle Volume Average Peak to Peak Ratio Number
Number (9) Rate Velocity (Al/Bl) of Points
F22C1 43.40 93.148 271.148 2.393 346
F22C2 44.712 92.475 269.190 2.540 344
F22C3 44,131 91.319 265.824 2.486 328
F22C4 44.195 94,382 274.73 2.517 343
F22CS 44.029 94.110 273.949 2.472 344
F22C6 42.568 97.305 283.25 2.353 344
F22C7 44,279 93.184 271.254 2.593 341
F22C8 43,938 96.692 281.454 2.613 343
F22C9 43.554 94.769 275.866 2.518 340
F22C10 43.756 92.37074 268.884 2.509 344
F22C11 43,485 92.262 268.569 2.572 327
F22D1 45.084 89.850 261.548 2.452 334
F22D2 45.154 91.864 267.410 2.386 343
F22D3 44.580 91.164 265.374 2.372 345
F22D4 44.819 91.437 266.169 2.453 340
F22D5 45.125 89.236 259.761 2.331 343
F22D6 45.183 89.384 260.193 2.398 337
F22D7 44.663 91.167 265.382 2.433 340

(cont'd to next page)
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Table A.1 (cont'd)

Test Doppler Angle Volume Average Peak to Peak Ratio Number
Number (6) Rate Velocity (Al/Bl) of Points
F22D8 45.082 90.293 262.838 2.464 342
F22D9 44.912 91.612 266.678 2.398 345
F22D10 45.344 90.679 263.961 2.274 343
F22D11 44.765 91.323 265.837 2.301 342
F22D12 45.111 90.381 263.096 2.250 342
F22D13 45.272 91.144 265.315 2.270 345
F22E2 45.233 89.511 260.560 1.924 341
F22E3 46.106 86.625 252.161 2.152 338
F22E4 45.173 90.94377 264.729 1.984 341
F22ES 46.215 89.599 260.817 1.967 339
F22E6 45.384 87.539 254.822 2.050 338
F22E7 45.577 89.741 261.230 2.073 340
F22E8 45.762 89.841 261.52 2.016 332
F22E9 45.185 88.581 257.855 2. 341
F22E10 45.237 88.605 257.924 2.085 338
F22E1l1l ~ 45.157 89.951 261.841 1.947 336
F22E12 45.287 88.877 258.716 2.006 337
F22E13 46.311 88.254 256.903 2.045 340
F22H1 43,139 52.213 151.988 2.346 340
F22H2 42.275 54.855 159.580 2.005 340

(cont'd to next page)
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Table A.1 (cont’'d)

Test Doppler Angle Volume Average - Peak to Peak Ratio Number
Number (8) Rate Velocity (Al/Bl) of Points
F22H3 43.243 §3.175 154.789 2.020 . 338
F2ZH4 42.269 54.446 158.490 1.947 326
F22H5 43.994 51.073 148.670 2.634 341
F2211 44.370 93.077 270.943 2.884 328
F2212 43.747 94.456 274.954 2.910 343
F2213 44.311 94.124 273.990 2.772 343
F2214 44.041 92.823 270.203 2.837 339
F2215 44,841 92.989 270.865 2.786 339
F2216 44.666 92.514 269.514 2.886 345
F2217 44.440 92.612 269.587 3.012 345
F2218 43,960 95.939 279.271 3.006 342
F22I10 44,826 94.817 276.008 2.916 344
F22I11 44,744 92.688 269.809 2.775 343
F22112 44.050 96.822 281.844 2.886 338
F22113 43.689 97.710 284.4294 2.868 331
F22I14 43.786 94.115 273.953 2.741 341
F22I15 44,757 93.151 271.157 2.680 340
F22J1 40.269 33.639 97.920 1.416 163
F22J2 41.661 34.824 101.370 1.310 166
F22J3 40.577 34.237 99.662 1.385 169

(cont'd to next page)
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Table A.1 (cont'd)

Test Doppler Angle Volume Average Peak to Peak Ratio Number
Number (9) Rate Velocity (Al/Bl) of Points
F22J4 40.967 33.697 98.089 1.282 155
F22J5 40.709 34.848 101.441 1.331 158
F22J6 40.403 33.145 96.484 1.390 159
F22J37 41.435 33.986 98.932 1.236 165
F22J8 41.193 31.800 92.530 1.391 161
F22L1 15.763 25.759 74.985 1.845 166
F22L2 15.231 23.921 69.632 1.713 158
F22L3 16.281 23.342 67.949 1.860 159
F22L4 15.857 23.387 68.050 1.798 164
F22L5 16.398 23.366 68.017 1.578 165
F22L6 15.242 23.054 67.106 1.971 153
F22L7 16.907 22.270 64.829 1.739 165
F22L8 14.546 23.253 67.689 1.667 164
F22L9S 16.296 23.383 68.067 1.797 153
F22L10 16.573 22.171 64.539 1.693 170
F22L11 16.731 22.109 64.359 1.749 166
F22L13 16.146 21.697 63.159 1.792 162
F22N1 44.641 52.301 152.246 2.167 157
F22N4 45.409 52.706 153.423 2.687 166
F22N5 43.601 50.604 147.306 2.353 162

(cont'd to next page)
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Table A.1 (cont'd)

Test Doppler Angle Volume Average Peak to Peak Ratio Number
Number (8) Rate Velocity (A1/B1) of Points
F22N7 46.050 52.952 154.141 2.688 163
F22N10 45.451 47.767 139.047 2.375 162
F22N11 44.400 48.967 142.540 2.500 164
F22N13 43.252 48.734 141.862 2.437 166
F22N15 44.740 52.319 152.298 2.471 163
F22P1 47.299 65.948 191.971 5.125 336
F22P2 46.070 65.699 191. 245 4.500 344
F22P3 46.016 62.677 182.449 4.789 341
F22P4 44,735 59. 345 169.840 4.706 341
F22P5 45.351 62.824 182.878 5.015 342
F22P6 47.447 61.991 180.45291 4.472 333
F22P8 45.798 60.887 177.24 4,288 341
F22P9 45.394 63.443 184.678 4,351 350
F22R1 45.757 60.639 176.518 4.413 343
F22R2 46.449 64.338 187.286 4.408 341
F22R3 46.980 62.074 180.893 4.452 341
F22R4 45.148 59.795 174.059 4,211 342
F22R5 45.746 60.153 175.103 4.288 346
F22R6 45.743 62.445 181.775 4,351 342

(cont'd to next page)
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Table A.1 (cont'd)

Test Doppler Angle Volume Average Peak to Peak Number
Number (0) Rate Velocity Ratio (Al/Bl) of Points
F22R7 45.919 62.133 180.865 4.141 341
F22R8 45.408 57.366 166.990 4,227 332
F22R9 46.076 59.210 172.358 4,117 337
F22R10 47.168 59.506 173.219 3.873 341
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THE 5453-c ULTRASOUND MACHINE

MASTER/SLAVE

This portion of the system is provided so that two or
three Dopplers may be synchronized to each other to prevent
interference where more than one such unit is operated in a
single lab. For normal use, the '"Master/Slave" switch must
be in the "Master' position, and no connections made to the
""Remote" jacks. To synchronize two or three units, only one
of the units must be in the '""Master'" mode and the other one
or two units must be in the '"'Slave'" mode. The units must
be connected together with the proper cable, which is avail-
able from bioengineering. The cable connects between either

of the "Remote' connectors on the several units.

AUDIO

An audio power amplifier is provided so that the
Doppler signal can be aurally monitored. A small speaker
is built into the unit, or an external speaker or headphones
may be plugged into the "Remote Speaker" jack, which auto-
matically disconnects the internal speaker. The remote
speakef should be 4-16 ohms impedance. One channel at ;

time may be monitored. For units with more than one

channel, a "Channel" selector switch is provided.
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RANGE

A pulsed Doppler flowmeter has the ability to measure
flow velocity at a specified distance from the face of the
crystal probe, rather than everywhere within range of the
signal. The "Range" control adjusts this distance. The
standard maximum range is 1.0 cm, although this may be
altered with a simple internal adjustment, up to a maximum
of about 1.6 cm.

The principal behind this control is based on the fact
that this is a '"pulsed" Doppler, that is, it transmits a
short burst of audio energy, then 'listens'" for an echo after
some time delay. Obviously, this delay determines how far
the audio signal has had a chance to travel and return. The
"range' control adjusts the period of a monostable multi-
vibrator that is triggered on the leading edge of the trans-
mit burst. The trailing edge of this pulse triggers another
monostable multivibrator which causes sampling of the

received signal at that time.

SENSITIVITY

This control adjusts the level of the Doppler signal
applied to the voltage-to-frequency converter stage, which
provides the '"phasic" and "mean'" outputs to a recorder or
oscilloscope. It is adjusted for optimum signal quality,

with attention paid to peak velocity response and baseline
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noise (baseline ncise is particularly important in the case
of zero flow, and the sensitivity should not be high enough
to cause a large apparent flow signal in the absence of any
flow). Normally, sensitivity should be set no more clock-

wise than is necessary for obtaining a good output signal.

POLARITY

This control determines which flow direction results
in positive output voltage polarity, toward the crystal or
away from it. The center '"zero'" position turns off the
signal, both to the output stages and to the audio ampli-

fier. It does not turn off the transmitted energy.

OUTPUT CONNECTIONS
1. Probe
The crystal probe connects here, with pin assignments
on the amphenol connector as follows: |
Pin B Signal
Pin D Signal
Pin A Shield
The two signal lines are interchangeable, to prevent inter-
ference from outside signal sources such as noisy electric
motors or radio transmitters. A shielded twisted-pair cable

should be used to connect to the crystal.
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2. Range

This output is a voltage proportional to the setting
of the '"range" control. It may be calibrated to any con-
venient scale. Although the standard calibration is 1 volt
per centimeter, e.g., with the range control fully clock-

wise, the outpﬁt should be 1.00 volts.

3. Phasic

Phasic blood velocity information appears at this
connector with a normal scale factor of 0.5 volts per
kilohertz of Doppler shift. The velocity that this repre-
sents may be calculated from the formulas given at the
beginning of this Appendix, the Master/Slave and Audio

sections.

4. Mean
The mean blood velocity is presented at this connector
at the same scale factor as the phasic output. The time

constant of the meaning circuit is about 600 milliseconds.

5. Audio 1, 2

The signals at these connectors are the actual Doppler
audio signals and may be used for a variety of purposes,
such as spectral analysis or external audio amplification,
which may be done in "stereo.'" If these signals are used

externally, the audio "channel" switch should be set to
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another channel, as the audio amplifier '"loads'" these
outputs, resulting in reduced amplitude of one of the

signals.

BASIC DOPPLER INFORMATION
1. Doppler Equation (for sound reflected from

moving objects):

1.A FD = 2% F0 *#*V * COS A)/C
or
1.B V= (FD*C) / (2 *F0 *COS A)
where:
FD = Doppler shift frequency in kilohert:z
FO = Transmitter frequency in kilohertz (20,000 KHz

in 545C-3'5)
V = Velocity of blood in millimeters per second
C = Velocity of sound in blood (1,565,000
millimeters per second)
A = Angle between sound beam and blood velocity

vector

Substituting the above constants for FO and C in equation
1.B yields:
1.C V(MM/SEC) = 39.125*FD / COS A

Finally, substituting the phasic or mean output of the
545C-3 in volts (E) for FD yields:
1.D V(MM/SEC) = 78.25 *E /COS A
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INSTANTANEOUS VOLUME FLOW:
2.A Q =V* Pl* ((D/2) ** 2)
where
Q = Instantaneous volume flow in cubic millimeters
per second (liters/1,000,000)
P1=3.14159...

e
]

Lumen diameter in millimeters

<
]

Instantaneous blood velocity in millimeters per
second.

Substituting Equation (1.B) above for "Y" and simplifying
yields:

2.B Q= (FD*C*PI * (D*%2))/(8 * FO * COS A)
Substituting constants for C, PI and FO and converting
cubic millimeters per second to liters per minute yields:

2.C Q(L/MIN) = FD* (D ** 2)/(542.4 * COS A)
Finally, substituting the phasic or mean output of the
545C-3 in volts (E) for "FD" yields:

2.D Q(L/MIN) = E* (D *% 2)/(271.2 * COS A)

NOTES:
545C-3 directional pulsed Doppler flowmeters are

calibrated for 0.5 volts per kilohertz of Doppler shift.
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c In ;his part we calculate mean value of smooth signal.
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In thl; DFG jrus e cableolav: adei‘s . Cave peb vaeae
dimension al5500350(5500)5ct5500),aé5508)
gimension ¢(5350)),v1(5430),v2{5400) i
SEm sl el GRR O  R GUR
mensjon xlreas zx2rea sxlima rx2ima
d;nenslon pslisséﬂ)pnsz(SSOO) 3 9
dimension psflSSiOO):gsf!(SSOO)
dimension ¢01(5500),¢b2(5500)
dinension cbf1(5500),cnf2¢5500) .
dimension $1(59J0),32¢5500),3v1(5500),av2¢(3500)
dimension fl1!3500)'fl2(5500)
dimension z{(550J)
fornat(2x,'time= *,16.1,3x,%channell= *,f2.2,3x, channel= *
4 -
format(2x.,*avel= *,£f10.5,3x,%avels *,£10.5)
format(Zx,'vti= ',flz.i.Jl,'tet1- 'sf10.5,3x0s"teta= *,18,3)
format(2x,'diameter= ', 14.2,3x," area= Pr£5.2,300'valune rate=
’ -
format(lu.'velo:it(l= ¢, f10. S¢3x.* velocit52= '.f1o 5)
foraat(2x, xmaxi= 3,$10.3,3x2 xminl= *, f10.3,3x,'xmax2= *,£10.3,
Sxs'xmin2= *,f10.3)
tarmat(Zx,"a1/01= *,f5.3,3x,%22/b2= *,£5.3)
format(3x,*oull= ';f10-3:3l:’DulZ ‘»110.3)
forna:(Zx,'tiae=.‘.fs.]osln':hanngl1= ':fS.Z;}xr'channel2= '
’fs.zfzx,'yeto ityl13s $,£12.5,3xs%velocity2= *,£12.5)
formac(2ix,"period= *,i3)
format{2x,%avl= ¢f10 Ss3xs%av2= *,£f10.5)
forna:(10:a‘:haseave- $,£12.5) .
farmat(Sx,'timeaves= f12.5:51"sheerstress= YLH12.5)
fornat(le" The outout data are
format(10x: the gowelr spectrun 15')
format(10z,*power spectrum in db is*)
fornat(10x, ?he oower spectrua of fluctuations arn?)
formac(10x,%porer in do is°
"125 number of data in each file.
n=
nan=n+350
and2=nns2
per is nuaber of aata in each period.
iper 253

ipp=iper+227
iopd2=iops2
no is nuaper of periods in each file.
np=aliper
ea=1.
nuz11
nyl=9 .
?Qigtthe constant value given by the manufactuger.
p272,2¢
pi=23.1415927
dim=2, .
catculate :ross-sec21onal area.
aress (dimae2)ap

o

o this file.
+i=1,n)
to 1ssess real values of Jdata.

© -
-

the phase Jverdje value of the data.
i
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u oes rHoC

i
ja= iper- -
suml=sumi+g
sum2agsum2de
cont {nue
avel=%uullg
avel2=sum?2/ipe
vrigiébliiolt:vei,avez
ula i

sqf2 avelttsbav:Z béood flow velocity from doopler signal.
vtil= p-(s?r.(sqij)
aveb=abs(avelsavel)

calculate th; dopoler angle.

teti=atin(av

tet?=tetl'd-g

gg1lf¥l$§;’§ erindividual values of velocities,
)a:inerﬁ(j-?g*i

vitia)=d(ja)ep/cos(tet)

vi( ?)=e()a)~olsin<tet1)

continue
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PROGRAM ADC

FUNCT ION-

This 3/d conversion program for use with the LPS11 is
compatible with the CELOW and FLOW analysis programs.
The rate of.digitizing is variable, and can be used for
1 to 4 channels simulatenously. However, it must be used
from CHO upwards. The input signals must be within +5.0
and ~5.0 volts maximum.. —

AUTHOR-
KIM HANSON - -- -
TECH-TIME, INC.
RE-WRITTEN EROM CODE RY KENNY TEQH

COMMON AREAS

A. /AZ/
1. NCHN - number of ciannels (1 - 4)
2. NBTS - number of beats to measures
3. IRTE - calculated clock rate ( based on XINT )
4. ICNT - calculated clock counter preset (based on XINT)
5. IFC - number of samples for heart rate calculation
6. IBEAT -~ total number of beats counted
7. MHB(12) - time (in samples of up to 12 beats)
8. BUFF - data buffer for A/D data

CcoTm oo oOoONn OO Coo0ooooaOnooananao

B. /RZ/
l. XINT - sample time in sec/sample
Z. CHNM(40) - channel name (4 & 10 characters)
C. /CT/
€ THKEB-ASG=US]
THR/ 7

O

[iTEGER MHE(1Z),RUEE(5000)

LOGICALAL KMAN,KHV, ID(30) ,CHNM(40)

BYTE #ILENM(13)

COMMOH /AZ/NCHN NBTS, IRTE, ICNT, IFC, [EEAT .MHE , RUEF
COMHON /BZ/XINT, CHNH

COMMON /€Z/1IX,1Y,IZ,LAST

c
c TYPE HEADER
. WRITE(S,10:
19 EORMAT(1H1,//,T10, 4% ANALOG TO DIGITAL CONVERSION PROGRAM &*’)
c
: INITIALIZE EILE ANI CHANNEL MAMES
C
19 15 121,30
CHNMCI)=0
IHCI1)=0
15 CONTTNUE
c
0 45K EOR FILENAME
r
TYFE 20
i FORMAT(//,3%.'GIVE FILENAME:  ’.$)
HCCEFT 25, (EILENM(I),1=1,13)
25 FORMAT(13A1)

OPENC(UNIT=1,NAME=F ILENM,TYPE='NEW’, FORM="UNFORMATTED' , ERR=200)
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€
c GET SUPPORTING PARAMETERS
C
30 CALL PROTD
Cc
C GET MAIN AND SUER ID
c
1o 35 I1=1,20
ID(1)=0
.35 CONT INUE
TYPE 40
10 EORMAT(3X. 'MAIN ID:  ,$)
ACCEPT 45, (ID(I),I=1,20)
15 FORMAT (20A1)
43 TYFE 50
3 FORMAT (3X, 'SUB ID: ‘.8
ACCEFT 55,(ID(I),I=21,30)
a5 EORMAT{10A1)
'RITE DUT HEADER INEGKMATION TO FIRST THREE GLECORNS
LECJTINEL -Lbe VeluULY /L
JTINE=JIT IME1
71 1EC=JTIME/XINT
c
c GET RIGITAL DATA
[
CALL ATOD
C
C IF MHE(1)=999 =>RUM AEORTEL - ERASE PREVICUSLY WEITTEM HEADER
c .
IE(HMHB(1) .NE. 999)G0T0 830
0o 75 1=1,3
BACKSPACE 1
75 CUNT INUE
GOTD 140
c
C CALCULATE AND DISFLAY HEART RATES
C
80 CONT INUE
LAST=MHB (MBTS)
INO=LAST
RATE= C(NBTS~1)%60.)/(LASTAX INT)
TYPE 85,RATE
8% FORMAT(/,3X, 'HEART RATE = ‘yEFS.1.’ BEM',//)
€
c CHECK FOR BUFEER OVERELW THEN WRITE OUT A/ DATA
C
990 LASTD=LASTANCHN
IE(LASTD .GE. 5000)GOTO 210
WRITE(1)RATE,LASTD, (MHR(I), I=1 ,NETS)
TE(MCHN .EQ. 1)GOTQ 95
00 22 I=1,LASTD,NCAN
II=I-1+NCHN
WRITEC1) (BUEE(J),J=1,ID)
92 CONT INUE
GOTO 100
a5 00 96 J=1,LASTD
WRITE(1) BUEE(J)
ay CONT INUE
C
C FOKMAT DATA FOR DISPLAY ON OSCILLISCOPE
c
100 00 105 I=1,LASTD

BUFE(I)=BUFF(I)/4
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105 CONT INUE
14=4
I=2ANCHN
IECING .LE. 1024)G0TO 110
IX=2
LAST-LAST/2
L7 IY AR — e -
145  EOPMAT(X,/,3X,’CONT INUE,RESET,0R QUIT 7(C,R,Q1:’,¢)
ACCEPT 150,KMAN
150 FORMAT (A1)
IE(KMAN .EQ. ‘C’)GOT0 48
IE(KMAN .EQ. “R’)GOTO 30
IE(EMAN .EQ. ‘0‘)G0TO0 170
ROTO 140

(g}

EXIT PROGRAM

-
~
o

CALL CLOSE(L)
STOF

EREOR MESSAGES
TYPE 2039

FORMAT(3X,’'Akk ERROR OPENING DATA EILE #*%’)
STOP

it OO0
c o
o<

TYPE 219

FORMAT (3X, ' kx4* DATA OVERFLOW -~ SAMPLE DELETED xi%‘)
G0T0 140

END

sy
—~
ac

.TITLE ATOD \
-ENAELE AMA
.ACALL CINT$,0IRS,QI0WS
; (VERSION W/KEL)
ICH: .BLKW 1
ITIME: JELKW 1

COMMON AREA

3 es a1 an

A
.FPSECT AZ,RW,D,GBL,REL,OQVR

NCHN: < BLKY 1
NRTS S BLKW 1 i
IRTE: . BLKYW 1
It BLKW 1
LEC: <.BLKW 1
IBEAT: .BLKW 1
hHE: -BLKW 14
BUEF: -BLKW $5000.
BUEEND  =.

-PSECT
COUNT: JWORD 0
INBUF: .BYTE ]
REEP: .BYTE 7
LUN.TT = S

EPTHSG: .ASCII  “XAREADY FOR DATA ACQUISITIOH ENTEK ‘R’ OR ‘S’ &A/
RDYSTIZ = -~RDYMSG

PROMPT: .ASCIXI /»/

PHUTSIZ - ~PROMPT

T

SWSSEMBLY LEYEL DIRECTIVES



INIT:

LnIT:

R O

TICK:

03
CHECK:

LIMGER:
TOCK:

ARDRT:
KIT:
KETUEN:

AWHILE:
EACK:

CLE P#LKSK

i EMHE, K3

Hav {1RUFF, K2
DIRY $RDY

Moy ICNT,@#CKBR
MoV IRTE,@#CKSK
I IRS $PMT

DIKS F¥TTYIN
CHPE $122, INBUF
EEQ ARORT

CMPB $#123, INBUF
ENE INIT

1Hov NETS, RO

ELIC $100000,R24CKSK
-1R 8 ISK

CHMP NETS,RO

REQ WAIT

RIS $401,12#CKSR
CALL ISR

TST 4]

EEQ L INGER

e 1FC

CHP R2, $BUFEND
RGE LINGER

MoV NCHN, ICH
TSTR CG#CKSKR

BPL TICK

BIC $200,@4#CKSR
CLEk @#ADSR

INC C+ADSK

TSTE QEADSR

BPL CHECK

Y CEADEER, (R2)+
DEC ICH

HEQ Al

INCE @+ALSR+1
JIMP GO

CaLL ISR

INC IFC

CHpP 1EC. ITIME
BGE RETURN

I3TE C#CHKSK

EPL TOCK

BIC $#200,R#CKSR
IMP LINGER

MOV $999.,(R3)
RETURN

RETURN e ——
TLMECE FOR e

Bri

Ell

IEC

LT

DIERS

hialY) Q#IFC, (R +
RETURN

INC S$IEEAT
RETURN

.END
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+ERAME POINTER
;DATA BUEFER FOINTER

;SET CLOCK COUNTER
ySET CLOCK RATE

sENTER S TO START
yR TOD REGRESS

;NUMBER OF EEATS

+CHECK FOR EEAT
yWAIT EOK FIRST INTERRUPT

;START CLOCK, REPEAT MORE

; INCREMENT ERAME COUNT

;START A/D

>

sNEXT CHANNEL

:TIME UP YET?

tABORT CORE

tel BEAT PULSE oed COURT (T



FUHNS
BULE:

4
FULRY

N

SHRUE S
TTYOQUT:
[TY(CR:
REPEAT:
BELL:

TTYING

SAMPLT::

WAIT:

.1 ITLE
-LNABRL
LCALL

FPRTY I

PEECT
.BLEW
. LKW

-VGECT
<BYTE
-nSCII
.BYTE
.ASCIT
-BYTE
<BYTE
- EVEN
arous
QI0We
QI0uWs
GIoWs
QIouWsS

[INR3
ond
(e m
Crikl
REQ
Dik+
RETURN
LEMD
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SAMPLT
AMA
DIRs,QI0US

CivdiiON AREA

Z1,R4,0t,GRL, REL,OVE
1
142

SAMPLT

13.

. READY 7 [Y/NI: ,
13.

. REPEAT SAMPLE 7 [Y(/N]: ,

7

’

10.UVE,5,1,,,,<46,19.,44
10.WVE,S,1,,,,%M0G,1,,44>
10.WVEB,S5,1,,,, AGAIN,27.
10.WVB,S,1,,,,<RING,L1,0>
I0.RVE,5,1,,,,<INBUE,1:

PROGRAM ENTIRY

CLR @4ADSR
Q¥CHSK
ICHH,B4ADSR+ 1
$177777 ,C4CKER
$A0,@FADSK
IBUEE, K1

$144, K2

FTTY (T

LTI

$'y, INBUF
SANFLT

tTIYCR

e

SCLOCK

OYERFLOW nOILE



