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Abstract

MATHEMATICAL EVALUATION OF STEADY, LAMINAR FLOW
BY THE USE OF CONTINUOUS-WAVE (CW) DOPPLER
AND PITOT TUBE SYSTEM
by

Malek Mansoor Sharif

Investigation, as to the usefulness of spectral analysis of the
acoustical signal from the Doppler ultrasonic flowmeter, is being
conducted. The purpose was to determine some of the hemodynamic
influences on the spectrum. The hypothesis was that both hematocrit
and pressure head influence the amplitude of the spectrum. Experiments
were designed to: a) evaluate their roles on amplitude; b) derive the
associated functional relationship.

Preliminary experiments revealed that: a) the accuracy of our
Doppler flowmeter was satisfactory, since a very good 1inear relation
was found between electromagnetically and Doppler derived flow; b) the
relative weight of the hematocrit parameter on flow velocity was twice
that of the pressure.

Experiments were carried out to determine the distribution of
velocities and the particle profile within the tube prior to
investigation of functional dependence of Doppler amplitude on

hematocrit and pressure head. A pitot tube system whose bent tube



component was capable of radial movement was developed to measure

the jnstantaneous blood (or particle) velocity. The bent tube was
moved across the Tumen of the vessel in steps of 0.1 mm., and particle
velocity was measured at each sampling point. The distribution of
velocity was parabolic and the agreement between experimental data

and the 2nd degree polynomial least squares fitting was good (£ = .94).
An array of small bent tubes, each placed successively deeper within
the Tumen of the rubber tubing and connected to a small syringe, was
constructed to measured the distribution of red cells. Small uniform
samples were taken from the flowing stream. The particle profile was
parabolic and the hematocrit, as a function of radius, was expressible
in terms of a 2nd degree polynomial. A mapping of particle velocities
onto the set of hematocrit values is also parabolic.

To determine the dependency of ultrasonic energy backscattering
on hematocrit, Doppler signals were recorded, digitized, and frequency
resolved via the fast Fourier transform, for hematocrits ranging from
4.5% to 46.5%. The mean amplitude corresponding to each given
hematocrit was calculated by evaluating the area under the curve
fitted to the transformed data. The Doppler amplitude was found to
be a linear functjon of hematocrit for all cases of applied pressure
heads. A generalized Doppler amplitude function of double variables
was also derived in terms of hematocrit and pressure head.

It was hypothesized that blood viscosity (u) is an exponential
function of hematocrit (ﬁ), that is, u = A exp (B ﬁ). Experimental
results using a Falling ball type viscosimeter supported the theory

with a high correlation between the data and the fitted curve (£=.99).



The constant A has the dimensions of viscosity and is dependent on
temperature, whereas, B is dimensionless and a linear function of
hematocrit. A consequence of this hypothesis is that flow velocity
decreases exponentially és a function of hematocrit. It can be
hypothesized that viscosity influences the power content of the

Doppler signal, which requires further work and research.
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CHAPTER 1
INTRODUCTION

This investigation deals primarily with steady, Taminar flow
conditions of human blood. My three-fold objective here is to
introduce the concepts to be discussed in the following chapters.

In the first section, I will sketch the historical events which
lead to quantitative measurement of blood flow by means of the Doppler
ultrasonic flowmeter. In this respect, the events leading to the fast
Fourier transformation of the digitized Doppler signals will be traced.

In section B, the relevant terms and concepts involved will be
defined and discussed. For example, because the experiments are
conducted within the boundaries of steady, laminar flow, it would be
necessary to define and discuss the significance of Reynolds number.
Both the Newtonian and non-Newtonian properties of blood will also
be discussed. Because the Doppler flowmeter is the principle
equipment used in my experiments, time sampling, Fourier analysis,
and Fourier transformation will also be explained.

Finally, in the section entitled "Statement of the Hypothesiss"
the objectives will be outlined and the underlying purpose will be

stated

Historical Perspective

Leeuwenhoek in 1668 reported seeing individual red blood cells
flowing in clear plasma in the tail of a live tadpole. Landin in
1964 gives this summary: ". . . He could distinguish single globules
following each other, compressed and in single file, through the

narrowest channels. Sometimes the corpuscles change into long ovals




as the vessel narrowed. Both the narrowness and the number of these
parallel pathways arrested his attention."

The physiological events which led to the invention of square-
wave electromagnetic flowmeter in 1953 for measurement of blood flow
and the new non-invasive Doppler flowmeter in 1961 for detection of flow
velocity were at best semiquantitative in nature.

Stephen Hales in 1733 estimated the force driving the flow in a
capillary as the product of the cross-sectional area and the difference
of arterial and venous pressure which he measured as 80 inches of blood.

Young in 1808 derived empirical formulas for the pressure drop
in pipes, realizing that in small tubes the pressure drop was
proportional to the velocity. Precise measurement of the pressure
drop in fine glass capillary tubes were made by Poiseuille in 1840 for
water, alcohol, and mercury. He expressed his results by the empirical
equation é = K(1+AT+BT2) (P/L) D#, where P is the pressure drop over
the length L of the tube, D is the diameter of the tube, T is the
temperature, and K, A, and B are empirical constants based on the type
of fluid. The analytical result (usually called Poiseuille's law)

é = K(P/L)D4 was not derived until 1858 and then independently by

Franz Neumann and Edward Hagenbach (50). Poiseuille flow is applied
when there is a fully developed laminar flow in a cylindrical tube (44).
Rouse and Ince in 1957 pointed out that the tests of Poiseuille were
preceeded by similar but less accurate tests of Hagen in 1839.

Eular in 1775, convinced that ventricular contraction set up a
wave propagated through the arteries with a finite velocity, related

particle velocity as a function of time (t) to pressure difference




between different locations by:

> -

dv/dt = K - 1/p grad P

where P is the pressure, v is the particle veloctiy of blood density o,
and E the external force per mass .(52).

Auguste Chauveau in 1860 invented the hemodromograph which
permitted recording the details of the velocity pulse and it
foreshadowed the details of quantitative records taken by modern
electronic instruments (30). Carl Friedric Ludwig and Jan Dogiel
in 1867 invented the stromuhr, the first instrument for measurement
of volume flow.

Fourier in 1822 showed how a mathematical series of sine and cosine

terms can be used to analyze heat conduction in solid bodies. The

series that Fourier proposed is of the form:
y= 1/2ao+§ ](anCos nx + bpsin nx).
n:

The Fourier series was probably the first systematic application of a
trigonometric series to a problem solution. Fourier spent the rest of
his 1ife working on his concept and expanded it to include the Fourier
integral before his death in 1830. Both the Fourier series and the
Fourier integral allow transformation of physically realizable time-
domain waveforms to the frequency domain and vice versa. They are
mathematical tools for Fourier analysis (54). Porje in 1957, 1960, and
1961 transformed pressure tracings into Fourier series, and discovered

that for lower harmonics, the wave velocity was a function of frequency.




The dependence of wave velocity on frequency has been confirmed by
McDonald and Taylor in 1957 and by Harding in 1962.

C. Runge in 1903 described the technique that Tater became known
as the fast Fourier transform (FFT). In 1942, a more generalized
approach was advanced by Danielson and Lanczas. By recognizing
certain symmetries and periodicities, they reduced the evaluation of
the discrete Fourier transform (DFT) which is the finite, discrete
version of the Fourier transform, a mathematical operation, from about
N2 to about (N TogoN)/2, where N is the number of sample points in
the series to be transformed (7,9,18,20,25,69). In the early 1960's,
R. L. Garwin was studying solid helium and had a great need for
Fourier techniques. He contacted J. W. Tukey who supplied him with
the essence of the FFT. Garwin then approached the director of
Mathematical Sciences at IBM with the problem of programming the
algorithm, as a result of which J. W. Cooley became involved. Cooley
and Tukey in 1965 authored the Cooley-Tukey algorithm for evaluating
the DFT in Mathematics of Computation (9,56).

Christian Doppler in 1843 described a change in the perceived
frequency of the energy wave emitted from a moving sound source. This
change in frequency is related to the velocity of the moving source
and is known as the Doppler effect.

Satomura in 1959 and Franklin in 1961 described instruments
identifying blood flow by using Doppler-shifted ultrasound signals,
and since then it has been used as a non-invasive tool to investigate

aspects of flow in cardiovascular system(27). In the first devices of



this kind, only the amplitude, but not the direction of the flow
velocity within the vessel could be detected. MclLeod in 1967 and
Pourcelot in 1971 designed directional systems which processed the
backscattered ultrasonic signal in 2 separate channels, in which

the respective Doppler shift signals are distinguished by a phase

shift of 900. This separation is the prerequisite for the identification
of forward and backward flow (5).

Kolin in 1936 and Wetterer in 1937 independently applied the
principle of electromagnetic induction to the blood flow problem.

The square-wave electromagnetic flowmeter in 1953 was the first
practical instrument for measurement of blood flow in intact arteries
and veins. The form of magnetic fields distinguishes it into three
types; namely, DC type with constant flux, sine-wave type with
alternating flux, and the square-wave type with constant flux
periodically alternating (66,67).

Investigators, such as Young, Poiseuille, Weber, and Korteweg,
brought their insight and knowledge in other disciplines to the study
of circulation. Their influence stimulated the development of
quantitative considerations pertaining to events in the systemic
arterial segment. Thus, researchers of various backgrounds now work
together on the circulation, and we can look forward to the use of more
sophisticated mathematics, computers, and animal experiments; all
designed to develop and test new theories covering the movement of

blood in the larger parts of the circulatory system itself and

eventually the control of this movement.




General Introduction

Terms pertinent to understanding the characteristics of
this investigation are defined below.

A fluid is a substance that deforms continuously under the
application of a shearing or tangential stress. Fluids are treated
virtually as an infinitely divisible substance, as a continuum; one
does not concern himself with the behavior of individual molecules.
Fluids may be broadly classified according to the relation between
the applied shear stress and the rate of deformation of the fluid.

In Newtonian fluids, the shear stress is directly proportional to the
rate of deformation. If the shear stress is not directly proportional
to the rate of deformation, then the fluid is non-Newtonian (34).

Blood is a suspension of the various blood cells, called formed
elements, and chylomicrons or liquid particles in aqueous solution,
the plasma. In the normal physiologic range of flow rates, blood
behaves as a Newtonian fluid. However, there is a great difference
in the viscosity of blood in normal motion compared to its viscosity
at very low flow rates or at rest. In these situations, blood exhibits
non-Newtonian properties (45). Plasma, the aqueous constituent of blood,
contains numerous low molecular weight organic and inorganic materials
in Tow concentration, and proteins which comprise about 7% by weight
(15).

The erythrocytes are the only cells which significantly influence

the mechanical properties of blood, because of their high concentration

of about 5 million per cubic millimeter. When erythrocytes, or red



cells, are suspended unstressed in plasma, they are highly flexible
biconcave discs whose horizontal diameter is 8 um, whereas the vertical

diameter ranges from 1 um to 3 um as shown in the diagram below:
-+ 8um ->

4 ¥
2-3um
t +

The red cells are highly deformable due to their shape, properties of
the membrane, and to the liquid interior. The bi-concave red cell can
deform into an infinite number of shapes without any alteration in its
volume or surface area. The sphered red cells cannot deform to the
same extent as the normal ones because a given sphere contains the
maximum volume for a given surface area. Charged groups on the surface
of the cells make them attract one another and cause the red cells to
aggregate.

The Hematocrit, the percentage of the total volume of human blood
occupied by the cells, is about 45% to 50% in the human and represents
a very close packing of the erythrocytes (12). Electronic methods for
counting particles, such as the Coulter Counter or the Celloscope
Counter, can measure the number of red cells per cubic millimeter of
blood.

The Absolute or the Dynamic Viscosity is the constant of

proportionality u given in Newton's law of viscosity by 1 = udu/dy,
where du/dy is the velocity gradient and t the shear stress. du/dy
may be visualized as the rate at which one Tayer moves relative to an

adjacent layer. If the velocity u varies uniformly from O to U, then
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t can also be expressed as t = uU/D where D is the fixed distance over
which the change occurs. The ratio U/D is the rate of angular
deformation of the fluid.

Since t = Force/Area, has the dimension FL-2, u has the dimension
LT-1 and y has the dimension L, dimensions of viscosity are expressed
as ML-1T=1. The English unit of viscosity is 1 slug/ft-sec or
1 1b-sec/ftZ and the cgs unit of viscosity is called the poise which is
1 gm/cm-sec or 1 dyne-sec/cm?. The centipoise (c.p.) is 1/100 of a
poise (70) and is the unit in common usage.

Kinematic Viscosity, the ratio of absolute viscosity to mass

density (u/p), appears in many applications and is denoted by v. The
dimensions of v are L2T-1. The English unit is 1 ft2/sec and the cgs
unit is called stokes which is 1 cm?/sec (70).

Compressible and Incompressible Flows. If the variation in density

is insignificant, then the flow is considered to be incompressible,
whereas if density variations play a dominant role, as in high speed
gas flows, the flow is compressible. Most Tiquid flows are
incompressible.

Steady Flow. If the condition at any point in the fluid does not
change with time, then the flow is steady, and velocity remains constant
indefinitely, with no change in density (p), pressure (P), or
temperature (T), at any point.

Thus,

-

av/at = 0, 9p/dt =0, 3P/3t =0, and 3T/3t =0




Laminar and Turbulent Flows and Reynolds Number. In Taminar

flow, fluid particles move along smooth paths in Tayers or laminae with
one layer sliding over an adjacent layer. When the flow structure is
characterized by random, three dimensional motion of fluid particles
superimposed on the mean motion, it is considered as turbulent. The
classification of flow as laminar or turbulent is identified by
Reynolds Number (Re).

Reynolds Number, a dimensionless number calculated on the basis of
the characteristic velocity and dimensions of the system, is the ratio
of inertial forces to viscous forces. The magnitude of the viscous
force is proportional to the product of viscosity and velocity gradient.

Similarly, the inertial force is proportional to the kinetic energy
per unit volume of the flow. Hence, Re, is the relative importance of
these two quantities, that is, Re = vD/v.

Starting with turbulent flow in a glass tube, flow always becomes
laminar when the velocity is reduced to make Re < 2000. The value 2000
is of practical importance and is referred to as Reynolds Tower critical
number for pipe flow. If flow is carefully controlled from an undisturbed
reservoir into the tube, then laminar flow can be maintained with
Reynolds number of 12,000 or more. The standard Reynolds number of
2000 is obtained when there are disturbed conditions in the container
(50).

Flow and Velocity. For a volume flow rate Q throughout an artery

of uniform cross-sectional area A, the average velocity is described by
Q/A. Average velocity is time dependent and similar to flow rate. It

has an identical waveform to flow rate but is scaled by a factor 1/A.
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The velocity within the vessel is not uniform across the cross-section.

Velocity Profiles in Large Arteries. In large arteries laminar

flow velocity profiles are very blunt ranging from zero at the wall

to twice the cross-sectional average velocity at the axis of the

vessel (50). The electromagnetic method of measuring blood velocity in
arteries, however, only determines a spatially averaged velocity. The
ultrasonic constant wave Doppler gives the mean velocity distribution
within a vessel. The pulsed Doppler technique can be used to describe
the velocity at any point within a vessel.

Frequency Distribution of Particle Velocity. Laminar flow may be

steady or unsteady, and because of the presence of vorticies or secondary
motions may have a complicated structure. Disturbances within laminar
flow die out because of viscous action. Disturbances within a turbulent
flow, on the other hand, are random in amplitude, frequency, and
direction and do not die out. The eddies representing turbulence in a
flow are random in size and velocity, producing fluctuating velocity
components superimposed upon the bulk flow velocity. Eddies, widely
ranging in size, are carried with the flow, and the velocity seen by

a stationary probe contains fluctuating components resulting in a broad
frequency distribution. The frequency distribution may be characterized
by a Fourier analysis and expressed as a graph of velocity against
frequency. The spectrum is usually centered on some center frequency fg,
whose value is determined by the size of the largest eddies, which
depend on the geometry of the flow. If the frequency becomes very

large or very small as compared to f,, then the velocities diminish.

In a rigid pipe, if the flow velocity is u, and the Targest eddy
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diameter is comparable to pipe diameter D, then fy = u/D. The precise
point in the spectrum where the maximum amplitude of velocity occurs
is dictated by fluid viscosity as well as local and upstream geometry.

Flow and Volume. If Q denoted the flow and V the volume, the flow

is the rate of change of volume, that is, Q = dV/dt. But differentiation

and integration are the inverse of one another, and thus we have
Q = dv/dt 3V = siQde

Fourier Analysis. The basic principle of Fourier analysis is

that of decomposing any complicated periodic wave-form such as Doppler
backscatters, into a set of sinusoidal functions. Each of these
sinusoidal waves have different amplitudes and different frequencies,
and may be out of phase with each other. It is relatively easy to
perform mathematical calculations using individual sine and cosine
waves, whereas the composite wave is unwieldy. As an example, one can
calculate the corresponding sine wave of the flow-rate in an artery
from a single sine wave of pressure, and then the composite flow rate
waveform can be constructed by adding together all the different flow-
rate sine waves, with their different frequencies, amplitudes, and
phases. Generally speaking, a recording of blood velocity at a fixed
point in an artery may have a complicated shape. This may be expressed
as a sum of various sinusoidal oscillations differing in phase, amplitude,
and frequency. If T is the overall period of oscillation, then the
fundamental frequency is given by wy = 2n/T and frequency of oscillation
is a multiple of wg. The different frequency components that make up

the complete wave are called the harmonics of the fundamental frequency
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(28). The number of harmonics may be large or small depending on the
fidelity of representation of the complete oscillation.

Time Sampling. For purposes of computerized analysis, a continuous

signal x(t) is sampled at a fixed rate and converted to a digital signal
via an analog-to-digital converter. Generally speaking, the digital
signal is the product of the original continuous signal and a train of
delta functions defined by (78):

f(t) =1 o(t-nat) (1.1)

n=-a

where At = 1/(sampling rate). Hence, one gets an impulse-modulated
signal xj(t), where x;(t) = x(t)f(t). Moreover, the sampling rate has
to be at least twice the highest frequency component of the signal being
digitized to avoid aliasing.

The Fourier Transform. Physically, the Fourier transform X(f)

represents the distribution of signal strength with frequency, that is
to say, X(f) is a density function. If x(t) is the time function or
the input data, f the continuous frequency, w the angular frequency,

i =+v-1, and F [w] or F [f] the Fourier transform of x(t), then

F [w]= X (o) = " x(t)e-iuwtgt [T.2)

or equivalently

o]

I x(t)e'iZ”ftdt (]3)

- 00

F[f]=X (f)

For limited duration signals x(t) is zero outside the range [Ty,T21],

thus reducing the range of integration to Ty to Tp (82):

-

X(f) = fiz x(t)e-i2rftyy
1
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Since the waveform X(f) is described by the frequencies present in the
signal, this description is also referred to as the spectrum of the time
signal. Thus, the frequency spectrum or Fourier transform provides a
plot of the relative weight of different frequencies that comprise or
represent the given signal. Conversely, if the Fourier transform of

a signal is known, the inverse transform of a signal is also known. The
inverse transformation, x(t) = 2. X(f)ei2rftdt, determines the time

function x(t).

Discrete Fourier Transform and Fast Fourier Transform. The

discrete Fourier transform (DFT) is used to approximate the continuous

waveform whenever digital implementation is to be used. A set of

integers n and m are defined to represent the equivalent in a sense of

the time and frequency variables of the continuous Fourier transform.
If x(n) denotes the sampled signal, and there are N samples of

the signal spaced At seconds apart, then as n varies from 0 to N-1,

the N samples of the time signal are generated, and the duration of the

time signal is NAt. The DFT is defines as
= i 27nm/N (1.4)
X(m) = /Nt x(n) e-i2mm/ :

where, function X(m) represents a discrete spectrum. In general, X(m)
is a complex function consisting of a real part and an imaginary part
at each frequency. By the definition of DFT, there are approximately
N complex multiplications and additions in order to compute the spectrum
at one particular value of m.

The Cooley-Tukey algorithm, along with subsequent versions are

referred to as the fast Fourier transform (FFT), where its formulation
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is the same as the DFT. The FFT is a high speed algorithm for computing
the DFT, which reduces the number of computations to N TogpN, and works
best when the number of sample points is an integer power of 2. In
other words, if the series to be transformed is of length N and N is
a power of 2, the series can be split into logypN subseries, and this
doubling algorithm can be applied to compute the finite Fourier
transform in logoN doublings (20). Hence, the number of computations
in the resulting successive doubling algorithm is proportional to
NlogyN. The symmetries of the sine and cosine functions also reduces
the proportionality factor.

Ideal Flowmeter. An ideal flowmeter should possess the following

properties (65):

1. A linear response to forward and backward flows.

2. A stable zero reference.

3. A frequency response adequate to follow the phasic phenomena.

4. Independence from blood pressure, internal noise, and other
non-related phenomena.

5. Freedom from introducing measurement artifacts; that is,
the blood vessel must be unobstructed and non-cannulated
and the recording be performed without anticoagulant,
anesthesia, or psychic trauma to the experimental subject.

Doppler Ultrasonic Flowmeter. Ultrasonic flowmeters utilize

high frequency sound to detect flow velocity by the Doppler principle
(36). The transducter, which is situated beside a blood vessel and

located outside of the blood stream, emits a sinusoidal beam of
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ultrasound. Blood flowing through the vessel contains red cells that

act as point scatterers of the incident ultrasound beam. The

backscattered ultrasound is a sinusoid shifted in frequency from the

transmitted carrier by an amount Af, where Af is obtained from the

Doppler shift formula (11,27,31,51,77):

where,

Equation

where,
w =

Wo

Af = 2 fo/c (cos 8) v (1.5)

particle flow velocity;

speed of sound in the medium;

transmitted carrier frequency;

transducer orientation angle.

(1.5) is also expressed in the following form (3,48):

Aw = w-wg = wo/C (cos a + cos B) V (1.6)

angular frequency of the received signal;

angular frequency of the transmitted signal;

angle between transmitting beam and the direction of the
particle velocity;

angle between the receiving beam and the direction of particle

velocity.

From Equation 1.6 one can derive the following Equation (3):

Awgy. = wg/c (cos o + cos 8) Vay. (1.7)

where Awyy. is the average angular frequency shift.

Equations 1.5, 1.6, and 1.7 do not directly relate Doppler
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output to fluid velocity. Equations 1.5 and 1.6 are based on the
assumption that all RBC's are moving at the same velocity. Beﬁause
blood particles travelling through the vessel do not have a uniform
velocity, but possess a distribution of velocities or velocity profile
across the vessel Tumen, the Doppler echoes consist of a combination of
frequencies rather than a single frequency (3,4,11,31). Thus, the
received signal contains a spectrum of frequencies, where each blood
particle gives equal power contribution, but at different frequencies,
depending on the magnitude of the quantities in equations 1.5 and
1.6. It is suggested that Doppler frequency is also related to
cross-sectional area as well as to the volumetric flow (68).

The average angular frequency shift or mean frequency has been
described in terms of spectral power density of the received signal

( o(w) ), as for example, expressed by the following equation(3,29):

Bu,, = [jﬁgm Aw@(wo+Aw)dAw]/ji$m 2 (w0, *hw) dAw (1.8)
where Aw, is the maximum angular frequency of the received signal
corresponding to a maximum velocity of a blood particle expected in
a blood vessel, and w=wy+Aw.

Equation (1.8) shows a way to determine Amav.from the power
density spectrum of the received signal and then from equation (1.7),

average velocity of blood can be found.

Statement of the Hypothesis

The following investigations were carried out in order to further
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understand the significance of changes in the amplitude of the
continuous wave (CW) Doppler signals. The Doppler flowmeter has many
worthwhile attributes compared to other techniques; namely, (11,31):

1. It is a non-invasive tool.

2. It hasastable zero-flow reference.

3. It requires simple and inexpensive circuitry.

The scattering of ultrasound from blood has been described by
assuming that blood cells act approximately as point scatterers (11,31).
This model predicts that the energy backscattered from blood is
proportional to hematocrit. The measured root mean square amplitude
by means of a pulsed-Doppler flowmeter does not support this hypothesis

(8); however, the recorded "intensity of scattered beam" using laser-
Doppler technique shows the hypothesis is valid (24). Neither of these
studies take into consideration the influence of pressure head, nor do
they use the technique of fast Fourier transform (FFT) on the data.

Because a directional ultrasonic flowmeter capable of resolving
the net flow into positive and negative components has been used
extensively in our laboratory, the initial hypothesis was that blood
hematocrit would influence the Doppler amplitude.

In order to answer this question, the mean amplitude of the CW
Doppler was calculated for a wide range of blood hematocrits starting
from 4.5% to 46.5% at various levels of pressure head under steady blood
flow conditions.

As a result of this study, the following objectives were also

achieved:
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1. The distribution of blood particles in a given hematocrit

is dependent upon the change in velocity. A series of
experiments were carried out where both instantaneous blood
velocity and the corresponding blood hematocrit was measured.

2. Blood viscosity is dependent upon hematocrit. To determine

the extent of this dependence, tests were performed for the
purpose of obtaining the desired quantitative relationship.

The hypothesis was that the amplitude of the CW Doppler flow-meter
is a double variable function of hematocrit and pressure head. This
problem will be approached by first processing and Fourier transforming
the Doppler signals and then calculating its mean amplitude. Whenever
a time-domain approach to a problem is pursued, one should consider
taking the FFT of the time record (53); where the frequency spectra
reveals peaks which are related to the dynamic events of blood flow (79).

The following properties of blood flow affecting the Doppler signal
will be developed:

1. A quantitative description of average velocity in terms of

parameters of steady blood flow.

2. The distribution of blood particles inside the vessel.

3. A generalized Doppler amplitude function of 2 variables

expressible in terms of hematocrit and pressure head.

4. A mathematical formulation for the description of blood

viscosity in terms of hematocrit.



CHAPTER 2
MATERIALS AND METHODS
General
Fluids
Experiments were completed with.9% normal saline, and outdated
human blood (Blood Bank, San Bernardino County, CA). In each
experiment, the fluid was placed in an elevated container, the
height of which maintained the required constant pressure head
necessary for steady, laminar flow. Blood of differing hematocrits
was obtained by addition and mixing of saline to the packed red
cells. In order to prevent blood clots, 169 units/mg heparine
was used, where for each milliliter of blood one unit of heparine
was mixed with blood.

Measurement Techniques of Blood Flow

The Electromagnetic Flowmeter. Blood flow was measured with

a square-wave electromagnetic flowmeter (Carolina Medical
Electronics, Inc.). Flow range specification for this instrument
was 5 mi/min. to 19.99 L/min. Care was taken to stay completely
within this range during the course of each experiment. Electro-
magnetic flowmeter was used for the purpose of support and
comparison to Doppler flowmeter. Principles of operation of
electromagnetic flowmeter is described in Appendix Al.

The Ultrasonic Doppler Flowmeter. Blood flow was measured

simultaneously by an Ultrasonic Doppler flowmeter (Debitmetre
Ultrasonique Directionnel DelLalande Electronique, 30 rue H.

Regnault 92402 Courbevoie, France). The Ultrasonic probe was

19
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placed against the glass tube, at a 60 degree angle with an
intervening coupling jelly (Sonostat Diagnostic Medical Ultrasonic
Couplant, Echo Laboratories, Lewiston, PA 17044). Principles of
operation of Continuous-Wave Doppler flowmeter is outlined in
Appendix A2.

Blood Flow Monitoring. Electromagnetic flow and Doppler flow

were monitored on an oscilloscope (Tektronix, Beaverton, Oregon),
and recorded on an eight channel instrumentation tape recorder
(Ampex PR 500) or displayed on a polygraph. Pitot tube deflections
were displayed on a Grass model 5 ink-writing polygraph.

Pressure Measurements. Pressure was measured with a Statham

transducer Model P2310 (Gould Statham, Hato Rey, Puerto Rico).

Steady Flow Procedure

A system consisting of rubber, dialysis, and glass tubing connected
to a reservoir was filled with either blood or saline (Fig. 1). An
electromagnetic probe was placed around the dialysis tube, and immersed
in a saline filled lucite box. The probe will not function in air or
in distilled water, which necessitates the use of saline as a conductive
liquid (64). Dialysis tube was used because it plays a similar role as
an artery for in vitro studies and also because it possesses conductive
properties.

The Doppler probe was at a 60 degree angle with respect to the
axis of the glass tubing. A pitot tube complex comprised of an
axial or straight tube, and a pitot or bent tube held in place with

a micromanipulator was placed into a section of rubber tubing. The
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Figure 1. The Experimental Set-Up
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axial tube was fixed in position, whereas the pitot tube could be
moved vertically in .1 millimeter steps with a micromanipulator.
Pressure in each section was monitored by a pressure transducer
connected to a polygraph.

In order to study the distribution of particles, blood samples
were drawn sequentially at varying radii within the flow stream by
means of an array of tubes facing the flow, where each successive one
was placed deeper (radically) within the Tumen of the rubber tubing,
such that the one nearest the flow source was at the top wall. Each
of these tubes was connected to a small syringe. Upon maintenance of
steady, laminar flow, uniform sampling was carried out (Figure 2). Each
sample of blood was centrifuged in a Micro-Capillary Centrifuge, Model
MB (International Equipment Company, Needham Heights, MA), and a
hematocrit reading was obtained by means of a Micro-Capillary Reader

(International Equipment Company, Needham Heights, MA).

Series of Experimental Stages

The Experiments

A sequence of experiments was carried out during each of

three stages as described below:

Introductory Stage. A sequence of experiments was conducted

to determine the correlation between Doppler and electromagnetic
flow measurements. A reservoir containing a mixture of saline and
starch was placed at elevations of 40, 50, 60, and 70 cm.
respectively for each independent measurement. Starch was used

in those early experiments to provide the necessary interfaces for
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backscattering.

At each given pressure head, the flow rate was varied by
altering the resistance downstream, and flow measurements were
recorded for each rate using both the electromagnetic and Doppler
flowmeters.

Intermediate Stage. The objective of these experiments was

to determine in quantitative terms the simultaneous influence of
pressure head and hematocrit on average velocity of blood flow.
Blood reservoir with a total hematocrit of 22.5% was placed
at respective heights of 32.5, 42.5, 52.5, and 62.5 cm. As steady,
laminar flow was attained, blood was collected in a container, and
flow time was measured by a stop watch. Volume of collected blood
was measured by a graduated cylinder, and subsequently average
velocity was calculated. The experiment was repeated as described
above using blood with a total hematocrit of 25.5% and 29.7%.
Final Stage. The investigation of the effect of hematocrit
upon the amplitude of the Doppler necessitated that experiments
be carried out in three different phases as described below:
The objective of phase 1 was to determine experimentally the
distribution of instantaneous velocity of red blood cells by
means of a pitot tube complex. Both the straight and bent tubes
of the complex was connected to a Statham pressure transducer. An
ink-writing polygraph measured these pressures directly with its
sensitivity set so 1 mm. deflection was equivalent to 5 mmHg.
Determination of the distribution of the particle population

for a given blood hematocrit was the goal of phase 2. Blood



25

samples were withdrawn at incremental radii with the rubber
tubing by means of bent tubes as was discussed on page 22 and
illustrated in Figure 2.

The interpretation of the amplitude of the Doppler flowmeter
was the purpose of phase 3. Starting from a hematocrit of 46.5%,
the blood container was placed at successive heights raning from
60 to 100 cm. For each given pressure head, stirred blood flowed
through the glass tube where the ultrasound was being transmitted
by the Doppler transducer. Employing the above procedure, blood
was diluted repeatedly and measurements were taken for hematocrits
of 40% down to 4.5%. Positive and negative Doppler signals were
recorded on magnetic tape along with voice annotation.

Signal Processing

An Apple II personal computer (Apple Computer, Inc.) equipped
with 48K bytes of random access memory (RAM) featuring an analogue-
to-digital (A/D) converter board was utilized for data reduction
and plotting.

Recorded Doppler signals were passed through a 200 Hz to 8 KHz
band pass filter (6 pole Butterworth) to eliminate aliasing, and
then were digitized at a rate of 8KHz. A digitization rate of
8 KHz was used because Doppler shifts greater than 4 KHz were not
anticipated. Digitized data were Fourier Transformed using
Fourier Analyzer, Harmonic Analyzer (Dyna Comp., N.Y. 14580)
(82,83), and 6502 Machine Code FFT (Walla Walla College, WA.

98221). The machine code FFT was modified in our Tlaboratory to
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accomplish transformation of a file of 8 K points with a resolution
of 256 bytes per window (39). The transforming resolution for
8 K bytes of data was 8 windows of 256 samples each.

The FFt'd results were stored on diskettes as textfiles for
subsequent processing or plotting. Transformed data were plotted
in both time and frequency domain with a digital plotter (Houston
Instrument). Appendix B provides a listing of the important
programs. To analyze the behavior of experimental data, a
"Data Smoother" program (Dynacomp., Inc.) was used (81). A
"Curve Fitter" software package (Creative Computing Software,

39 East Hanover Ave., Morris Plains, NJ 07850) was used extensively
for the purpose of fitting a wide variety of curves to raw data,
smoothed data, and transformed data (74). A 7-point smoothing

was performed on transformed data derived from Doppler signals

in order to reduce random varijations in data values. This
technique adjusts the value of a given data point according to

the weighted sum of the values of surrounding data points. A
least squares polynomial of second degree was sufficient and most
appropriate to fit these data, because the coefficients of higher
degree terms in polynomials with degrees greater than 2 were quite
small. Other fitted curves also resulted in poor correlation
coefficients. Mean amplitude was then calculated by evaluating
the area under the curve via integration. Lower and upper

1imits of integration were 0 and 4000 respectively. These limits

are used because the Doppler shifts are contained within the
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range of O to 4000 Hz.

Determination of Blood Viscosity and Density

Blood viscosity and density were determined for a wide range
of blood hematocrits. Blood viscosity was determined using a
V-1200 viscosimeter, falling ball type, size No. 1 (Roger Gilmonte
Instruments, Inc.), where a stainless steel ball type 316 with
density 8.02 gm/ml was used. The constant K of the viscosimeter
had to be calculated first, where water was used as the fluid
and time of descent of the stainless steel ball between a given
distance was measured by a stop watch. Subsequently, blood was
placed into the viscosimeter and again time of descent was
measured.

Viscosity was computed according to the equation:

w =Koy - o)t

where o Was the density of the stainless steel ball, p the
density of liquid, and t the time of descent in minutes.

To determine blood density of a given blood hematocrit,
exactly 5 milliliter of blood was drawn by a TD10 in 1/10 ml
No. 37033 pipette (Kimax -51, USA), and then it was weighed on an
electronic balance with digital display (Cahn, Model TA 450). A
TD pipette has the advantage that it does not require blowing

into it. (TD stands for "To Deliver.")



CHAPTER 3
RESULTS

Functional Relationship of Doppler Flow and Electromagnetic Flow.

The Experimental Results

Table 3.1 compares the results of Doppler (Qd) and electro-
magnetic (Qe) flow measurements. A linear least squares curve
was fit to the raw data obtained from each set of independent
measurement. The derived equations along with the coefficient
of correlation (£) and determination coefficient (y) are given
in Table 3.2. The proportion of variance of the dependent
variable on the independent variable as explained by a linear
regression is referred to as determination coefficient. A valve
close to 1 indicates a strong linear relation between the two
variables (74).

It was not possible to fit other types of curves, such as
geometric, exponential, or 2nd degree polynomial least squares
to the raw data without first performing a two point smoothing
on them. The curve fitting procedure calculates the coefficients
of the equation as well as the values of £ and v (63,74).

Statistical Analysis

Above results were pooled together using an analysis of

covariance (16,21,80). As a final two-step procedure, the null

hypotheses H0 and H5 were tested, where they are stated as follows:
HO : there is no difference among Qd’s after adjusting Qe's.
H5 : one regression line is adequate for all observations.

The computed F value for H0 was .1947, whereas the tabled F



Table 3.1.

Height of Saline Reservoir (Cm.)

40 50 60 70
Q, Qy Q 04 9, Oy R
0 0 0 0 0 0 0 0
200 204.28 |125 255.35- { 100 170.24 150 255.35

Flow (m/min)
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Comparison of Electromagnetic and Doppler Flow Measurements



Table 3.2. Linear Equations Describing Doppler Flow as a Function
of Electromagnetic Flow Obtained by the Method of
Least Squares

Height

(cm.) Linear Equation £ v
40 Qq = -65360, + 26.18 .98 .9
50 Q, = .8884, + 111.06 .94 .89
60 Q = 7280, + 42.97 .95 .91
70 Q = .385Q, +122.7 .92 .85
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value with a 95% confidence Timit was 3.29. Thus, with a
probability of 95%, H0 was accepted. Similarly, the computed F
value for H5 was 3.395 and its corresponding tabled value with a
confidence 1imit of 99% was 4.82. Hence, H6 was accepted with a
confidence Timit of 99%.

A confidence interval was constructed for the coefficients

of the regression equation according to the equations:

bO + ta/zsbo and b] + ta/ZSb] (3.1)
where SbO = Sy|x (1/n +x% / z(x - 2)2)1/2
) =B
and Sb] = sylx / (z(x - x)°)

In the expressions 3.11, ta/2 is a t value with the appropriate
confidence level from the t table having (n-2) degrees of freedom
(17 +22.37). Sylx is referred to as the standard error of estimate

and is computed according to the formula:

2

Sy|x = {[zyz—(zy)z/n]-b1[ny-(zx-zy)/n]}/(n-Z) (3.2)

Ninety-five percent confidence intervals for the coefficients of
the regression equation fitted to the unsmoothed data were:
122.128 + 2.101 (31.751) and .43977 + 2.101 (.000056096)
respectively. Using interval notation, this can also be written
as (55.419,188.837) and (0.43965,0.43989).

Figure 3 gives a plot of pooled Dopper as a function of



Figure 3. A scattergram of data representing pooled Doppler flow
expressed as a linear function of pooled electromagnetic
flow. Results of flow measurements due to constant pressure
heads of 40, 50, 60, and 70 Cms were pooled together using
analysis of covariance.

Ninety-five percent confidence intervals about the
coefficients of Tinear regression equation are 122.128 =
66.709 and .43977 = .00011786.
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pooled electromagnetic flow.

A Quantitative Study of Simultaneous Influence of Pressure Head and

Hematocrit Upon Velocity of Blood Flow

For a given pressure head (H) and a specified blood hematocrit
(ﬁ), Table 3.3 lists its corresponding average velocity (V). Each
value of V is the mean of 5 independent measurements. Using every
measured value of V. a multiple linear regression was employed on

the raw data. The equation obtained was:
V = 59.879 + .74538 H - 1.5053 H (3.3)

The multiple linear regression model is not valid for H = H = 0.
Although there is no clear cut range of values for this model, upon
extrapolation the portion near the origin is more critical than the
upper region.

Confidence intervals for the coefficients of the least squares
plane were constructed according to the equations 3.7 - 3.10 given in
Section 3. The desired 95% confidence intervals obtained were as
follows:

55.3605 + (2.365) [(4743.11903)/7]1/2 , .74538 + (2.365) -
[(.00064210)(4743.11903)]1/2 , and -1.5053 + (2.365) -

1/2 )

[(.0021245)(4743.11903)] Using interval notations, these can

also be written as (-6.2017,116.9227) , (-3.38191, 4.87267), and

(-9.01273,6.00213) respectively.




Table 3.3.

35

Measurement of Average Velocity (cm/sec) Obtained From a
Specified Total Blood Hematocrit and Under a Given Pressure

Head

H (cm) H (%) V (cm.sec)
325 225 49,152
32.5 25.5 44,337
32.5 29.7 38.865
42.5 22.5 59.275
42.5 25.5 57.019
42.5 29.7 48.519
62.5 22.5 63.007
52.5 25.5 57.973
62.5 22.5 73.722
62.5 297 61.736
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Determination of Instantaneous and Spatial Velocity of Blood Flow

by Pitot Tube Complex and Doppler Flowmeter, and Hematocrit

Measurement

Distribution of Particle Velocity by Pitot Tube Complex

The supply reservoir, filled with blood of hematocrit
10% was placed at the height of 131 cm. Table 3.4 Tists
values of particle velocity obtained at intervals of .1 cm
across the lumen of the tube, where 0 indicates the top
wall. Each value of the instantaneous velocity in Table 3.4
is an average of 4 measurements. Figure 4 illustrates one of
these velocity measurements as was recorded by the polygraph.

A least squares polynomial of 2nd degree fit resulted
in the equation:

V =11.312 + 5.0236 r - .76072 r2 (3.4)
as shown in Figure 5. In this case, £ = .94, v = .88, and
standard error of estimate was 1.98.

Confidence intervals for the coefficients of the 2nd
degree polynomials can be constructed according to the

equations (22):

by + tq_o/lSe (1/n + K2C,)) 11/
by £ ty_y/(Cyq S5 )72 3.5}
by + ty_oy2(Cop S )/

where degrees of freedom is equal to (N-3) and were b0 =

Y - b2i2 and X, = z(X-i)Z. Sé » Cqq5 and Cy, are computed

according to the formulas 3.8, 3.9, and 3.70 as defined in




Table 3.4. Measurement of Instantaneous Velocity (cm/sec) Across
the Lumen of the Tube. Each Value of Velocity is an
Average of Four Measurements.

Radius Velocity Standard Error
(cm) (cm/sec) of the Mean (£ SEM)
0 205,57 5.06
. 205.16 5.42
2 206.01 4.13
3 210.13 3.45
4 207.99 5.07
. 207.67 6.76
.6 209,23 581
o 197.41 9.53
.8 191.08 7.82
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Figure 4. Polygraph recording of axial and pitot deflection from a
pitot tube complex. Numbers 1-9 indicate the downward
movement of pitot (bent) tube in steps of .1 cm causing
a change in pressure.
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Pitot Deflection

Axial Deflection
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Figure 5.

A least squares polynomial of 2nd degree describing the
instantaneous velocity of blood as a function of radius.

A pitot tube system measured the instantaneous velocity of
blood at intervals of .1 cm. across the lumen of the vessel,
where 0 indicates the top wall. The values of vessel
diameter, pressure head, and total blood hematocrit were

.92 cm., 131 cm., and 10% respectively. Radius denotes
distance from top wall to bottom wall.

Equation of the fitted curve is V = 11.312 + 5.0236r -
.76072r2. Ninety-five percent confidence intervals about
the coefficient of the regression equation are 19.52293 +
72.47879, 5.0236 + 62.00851, and -.76072 + 273.77399
respectively. Brackets denote + 1 standard errorof themean.
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Section 3, where Xp = X -X, Xy = X2 - X2, andy =Y -Y.
Ninety-five percent confidence intervals for the coefficients

of the equation of the instantaneous velocity are:

19.52293 + 2.447 [385.28759(1/9 + .066667 - 32.48863)]1/2

5.0236 + 2.447 [(1.66667)(385.28759)]"/2
- 76072 + 2.447 [32.48863)(385.28759)]1/2

Using interval notations these can be written as:
(-52.95586,92.00172), (-56,98491,67.03211), and
(-274.53471,273.01327) respectively.

Measurement of Blood Hematocrit

Using blood with a hematocrit of 10%, the reservoir was set
at an elevation of 177 cm. Hematocrit measurement of blood samples
drawn at each given radius (r) within the rubber tubing is shown
in Table 3.5, where 0 indicates top wall.

Geometric, exponential, and linear least squares fit to the
data resulted in a low correlation coefficient. Least squares
polynomial of 2nd, 3rd, and 4th degrees yielded the information
shown in Table 3.6.

Figure 6-8 show the graphs of these polynomials. Ninety-five
percent confidence intervals for the coefficients of the 2nd

degree regression equation are:

3.6920 + 2.365 [.71316(1/10 + .08252 - 18.96726)]1/2
56481 + 2.365 [(1.21390)(.71316)]11/2
-.072719 + 2.365 [(18.96726)(.71316)1"/2
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Table 3.5. Measurement of Blood Hematocrit (ﬁ) Across the Lumen of the
Tube. Each Value of H is an Average of Three Measurements.
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Table 3.6. Least Squares Polynomial Fitting Describing Hematocrit (ﬁ)
as a Function of Radius (r)

Degree of

Polynomial Resulting Equation £ ¥
2 H = 3.2402 + .56481r - .072719r2 .91 .83
3 H = 2.8159 + 1.1109r - .22331r2 + .011155r3 .95 .90
4 H = 3.4961 - .25104r + .43744r% - .10207r° .99 .99

+ .0062918r"



45

Figure 6.

A least squares polynomial of 2nd degree fit describing

the hematocrit of blood as a function of radius. Hematocrit
value was measured across the lumen of the rubber tubing,
where 0 marks the top wall. Equation of the fitted curve

is H = 3.2402 + .56481r - .072719r2.

Pressure head and total blood hematocrit were 177 cm. and
10% respectively.

Ninety-five percent confidence intervals about the
coefficients of the regression equation are 3.6920 = .95595,
.56481 + 2.20047, and -.072719 + 8.69815 respectively.

Brackets denote *1 standard error of the mean.




46

-
—

(%) L1430LYW3H

-
=

RADIUS (cm.)




47

Figure 7.

A least squares polynomial of 3rd degree fit describing the
hematocrit of blood as a function of radius. Hematocrit
was measured across the lumen of the vessel in steps of .1
cm., where 0 marks the top wall. Equatjon of the f;tted
curve is A = 2.8159 + 1.1109r - .22331r2 + .011155r3,

Pressure head and total blood hematocrit were 177 cm. and
10% respectively.

Brackets denote *1 standard error of the mean.
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Figure 8.

A least squares polynomial of 4th degree fit describing the
hematocrit of blood as a function of radius. Hematocrit
was measured across the lTumen of the vessel at intervals of
.1 cm., where the top wall is marked by O. Equation of the
fitted curve is i = 3.4961 - .25104r + .43744r2 - .10207r3
+ .0062918r™. ‘

Brackets denote *1 standard error of the mean.
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Using interval notations these can be written as:
(2.73605,4.64795), (-1.63566,2.76528), and (-8.77087,8.62543)
respectively.

The following results shown in Table 3.7 were obtained when
the supply reservoir was set at the height of 131 cm. and total
blood hematocrit was 10% and 7% respectively. Standard error of
estimate is denoted by €. Figure 9-10 illustrate the graphs of
least squares polynomials of 2nd, 3rd, 4th, and 5th degrees for
blood hematocrit of 7%.

Calculation of Mean Doppler Amplitude

The area under the curve which was fit to the Fourier
transformed data was calculated. Each mean amplitude of the
Doppler signal for a given blood hematocrit was an average of 3
separate measurements. Table 3.8 shows the calculated values of
mean amplitude (A) of Doppler signals, where blood hematocrit was
in the range 4.5% to 46.5% and pressure head (H) varied from 60 cm.
to 100 cm. of blood. A linear and a 2nd degree polynomial least
squares were fit to the data. Table 3.9 Tists the resulting equation
together with coefficients of correlation and determination.

Figure 11-15 show the graphs of least squares linear and
quadratic fittings which describe Doppler amplitude as a function
of blood hematocrit. A 95% confidence interval about the
coefficients for each of the linear equations is also included in
each legend.

For the purpose of generalization, the effect of pressure
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Table 3.7. Least Squares Polynomial Fitting Describing Hematocrit (ﬁ)
as a Function of Radius (r).

H (%

> I> I

s el

Resulting Equation

2.1802 + .1248r - .020599r°

.91050 + .12542r - .018690r2

.54743 + .64649r - .18005r2

+ 01384713

.81022 + .069348r + .13228r%

3 4

- .046627r" + .0037546r

.028271 + 2.31138 - 1.6478r%

+ .52372r3 - .075371¢%

+ .0039564r°

£ 9 £

<85 .72 .16
« B2 “BF .21
.79 .63 7
.85 71 a7
.97 .95 .09
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Figure 9.

Least squares polynomials of 2nd and 3rd degree fit
describing the hematocrit of blood as a function of radius.
Hematocrit was measured across the lumen of the vessel in
steps of .1 cm., where O marks the top wall. Equatigns of
the fitted curve are H = .91050 + .12542r - .018690r2 and
H = .54743 + .64649r - .18005r2 + .013447r3.

Pressure head and total blood hematocrit were 131 cm., and
7% respectively.

Brackets denote—-+1 standard error of the mean.
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Figure 10.

Least squares polynomials of 4th and 5th degree fit
describing the hematocrit of blood as a function of radius.
Hematocrit was measured across the lumen of rubber tubing at
intervals of ..1 cm., where 0 marks the top wall. Tota] blood
hematocrit is 7%. Equat1ons of the f1t§ed curves are H =
.81022 + .069348r + .13238r2 - .046627r3 + .0037546r4 and

i = .028271 + 2.3113r - 1.6478r2 + .52372r3 - .075371r4 +
.0039564r2 respectively.

Brackets denote *1 standard error of the mean.
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Table 3.9.

60
70
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90

Resulting Equation

= = = = >
1}

23.729
22.107
21.523
24.407

21

20.

21
21

22,
.150 + .13014

A11 + 11521
.271 + .10214

213 + .088492 H

724 + .14348

L X> I> XL

.088839 H + .0035878

A

018173 H + .0022653 H
.050031 H + .0018906
23528 H + .0070912

.25776 H + .0072817
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Linear and Quadratic Least Squares Equations Describing
?Qgpler Amplitude (A) as a Function of Blood Hematocrit
H).

«89
wi
.38
.44

-------------------------------

.65
W
W
+59
.74

58




59

Figure 11.

A

Doppler amptitude (A) as a function of blood hematocrit (H)
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