INFORMATION TO USERS

This dissertation was produced from a microfilm copy of the original document.
While the most advanced technological means to photograph and reproduce this
document have been used, the quality is heavily dependent upon the quality of
the original submitted. :

The following explanation of techniques is provided to help you understand
markings or patterns which may appear on this reproduction.

1.

The sign or “target” for pages apparently lacking from the document
photographed is ‘‘Missing Page(s)”. If it was possible to obtain the
missing page(s) -or section, they are spliced into the film along with
adjacent pages. This may have necessitated cutting thru an image and
duplicating adjacent pages to insure you complete continuity.

When an image on the film is obliterated with a large round black
mark, it is an indication that the photographer suspected that the
copy may have moved during exposure and thus cause a blurred
image. You will find a good image of the page in the adjacent frame.

When a map, drawing or, chart, etc., was part of the material being
photographed the photographer followed a definite method in
“sectioning” the material. It is customary to begin photoing at the
upper left hand corner of a large sheet and to continue photoing from
left to right in equal sections with a small overlap. If necessary,
sectioning is continued again — beginning below the first row and
continuing on 'until complete.

The majority of users indicate that the textual content is of greatest
value, however, a somewhat higher quality reproduction could be
made from ‘photographs’ if essential to the understanding of the
dissertation. Silver prints of “photographs’” may be ordered at
additional charge by writing the Order Department, giving the catalog
number, title, author and specific pages you wish reproduced.

University Microfilms

300 North Zeeb Road
Ann Arbor, Michigan 48108

A Xerox Education Company



e et potn o st b pmnreats - B - <

72-28,610

JACOBSON, Jon Obert, 1938~
PULSE WAVE PROPAGATION ALONG FLUID-FILLED TUBES
WITH HARDENED WALL SECTIONS.

University of Washington, Ph.D., 1972
Engineering, mechanical

| University Microfilms, A XEROX Company , Ann Arbor, Michigan

-..._,..._______.........__-_.__......,.._..

e o o e e i A T

THIS DISSERTATION HAS BEEN MICROFILMED EXACTLY AS RECEIVED



PULSE WAVE PROPAGATION ALONG FLUID-FILLED TUBES

WITH HARDENED WALL SECTIONS

by

Jon Obert Jacobson

A dissertation submitted in partial fulfillment

of the requirement for the degree of

o

DOCTOR OF PHILOSOPHY

UNIVERSITY OF WASHINGTON

1972

Approved by é ; ; Z 2 ”M

(Cha an of Superv15qﬁ§’Comm1ttee)

Department

. .(Departmental Faculty bnsoring Cantidate)
ate __ fue L JFrZ - v




PLEASE NOTE:

Some pages may have
indistinct print.

Filmed as received.

UniverSity Microfilms, A Xerox Education Company



UNIVERSITY OF WASHINGTON

Date: May 18, 1972

We have carefully read the dissertation entitled__Pulse Wave Propagation Along
Fluid-Filled Tubes With Hardened Hall Sections

—submitted by
Jon Obert Jacobson in partial fulfillment of

the requirements of the degree of_Doctor of Philasaphy
and recommend its acceptance. In support of this recommendation we present the following
joint statement of evaluation to be filed with the dissertation.

Reading Committee Report

This thesis presents the results of an experimental study which was
undertaken to investigate the usefulness of the phase lock doppler ultrasound
motion transducer in non-traumatically detecting the presence of and deter-
mining the extent of atherosclerotic plaques.

These plaques are intimately related to arterial disease, one of the lead-
ing causes of death today and their presence is often one of the early clues
that a patient is developing an atherosclerotic condition. Consequently the

early detection of the plaques is important in developing a successful treat-
ment for this disease.

This study was devoted to determining the applicability of the transducer
by comparing its performance to that of a pressure transducer mounted in a
tube which simulated an artery. By propagating waves down the length of the
tube, and measuring the displacement at sections where the tube was locally
hardened, it was shown that the doppler transducer mounted at a significant
distance away from the tube could locate a normal-hard material interface to
within one arterial diameter to better than 95% confidence. Furthermore, the
data secured with the doppler transducer enabled the investigator to determine
the relative hardness of the plaque-like area compared to the virgin arterial
wall material. It was also shown that the transducer is most sensitive when
the ratio is low--that is during the early phases of plaque development when
most other methods are least sensitive.

It is the opinion of the reading committee that this work which established
the basic information needed to implement an early diagnostic method for athero-
sclerotic conditions fulfills the requirement for the doctoral dissertation

and should be accepted in partial fulfillment of the requirements for the degree
of Doctor of Philosophy. - :

DISSERTATION READING COMMITTEE:




Doctoral Dissertation

In presenting this dissertation in partial fulfillment of the requirements
for the doctoral degree at the University of Washington, I agree that the
Library shall make its copies freely available for inspection. I further
agree that extensive copying of this dissertation is allowable only for
scholarly purposes. Requests for copying or reproduction of this disserta-
tion may be referred to University Microfilms, 300 North Zeeb Road, Ann
Arbor, Michigan 48106, to whom the author has granted "the right to repro-
duce and sell (a) coples of the manuscript in Microform and/or (b) printed

copies of the manuscript made from microform."”

1

Signature
Date




ii
TABLE OF CONTENTS

List Of Figures [ [ ] L] [ ] s ¢ o [} . ® [ . [ * . [} L] L

Notations ., .
CHAPTER 1

CHAPTER IX

L] [ ] L] [ ] [ ] L ] L) [ ] [ ] [ ] [ ] ] [ [ [ o o [ ] L]
.

INTRODUCTION o o o o o o o o o o o o &
BACKGROUND v o o o o o o o o s°o o s

Current Forms of Solution:

Linearized Models . .
Fluid Model o o o 0 o.,
Wall biOdelS e e e o
‘Boundary Conditions .
Solution Formats . . .

BIOLOGICAL BACKGROUND: ARTERIES AND
ARTERIAL DISEASE ¢ « o ¢ o ¢ ¢ o o o

MECHANICAL PROPERTIES OF ARTERIES:
NORMAL AND DISEASED e e e e & o e

" PULSE WAVE STUDIES: EFFECTS OF AGE

'PRESENT STATUS OF PULSE WAVE ANALYSIS

CHAPTER III

AND DISEASE « o ¢ o ¢ ¢ o o o o o o

THEORETICAL CONSIDERATIONS o o o o o

Linearized Equations:

Fluid Motion « « o« « o o o o o s o &

Wall Nlotion . . ] [] . . . . . . [y [

Boundary Conditions . , ¢ ¢ o« o« « &
SOLUTION OF LINEARIZED EQUATIONS . . &

,ONE~-DIMENSIONAL SOLUTIONS & ¢ ¢-¢ o &
FINITE-DIFFERENCE SOLUTIONS ", « ¢ o &

CHAPTER IV

EXPERIMENTAL INVESTIGATION . « ¢ o o &

TUBES: DESIGN AND FABRICATION . . . &
EQUIPMENT AND EXPERIMENTAL PROCEDURE .
TRANSDUCERS & o o o o o o o o s o o &
THE PULSE WAVE o+ o » o o o o o o o o &
PROPAGATION VELOCITY: * ARRIVAL TIME .
ATTENUATION o+ o o o o o o o o o o o o

RADIAL WALL MOTION: NORMALIZED AND
NONDIMENSIONAL e s o e o o & s s

iv

ix

25

26
28

30

31
33
36

38
41
47

. 50

51
56
57
58
65
69

74



CHAPTER V

CHAPTER VI

iid

2

GENERATION REGION: SUPERIMPOSED
PULSE AND AXIAL WAVES + ¢« ¢ ¢ o ¢ o

RELATIONSHIP BETWEEN WALL WAVE AND
PRESSURE WAVE . o« o« ¢ ¢ o ¢ ¢ ¢ ¢ o

NONUNIFORM TUBES: HARDENED WALL
SECTIONS ¢ ¢ ¢ ¢ o o s o 6 o o o ¢ o

Single Interface . « o o o« o o ¢ o o
Axisymmetric Finite-Length Section .

Nonaxisymmetric Finite-Length Section.

EXPERIMENTAL RESULTS o o o o o o o o o
PROPAGATION VELOCITY « o o « o o o o o
REFLECTION COEFFICIENT: PRESSURE WAVE
RADIAL DISPLACEMENT « o« o o o o o o o
CLINICAL IMPLICATIONS . « o o o o o o
INFORMATION SOURCE: ' THE PULSE WAVE .

INSTRUMENTATION: PERFORMANCE
LIMITATIONS =« ¢ o o o o o ¢ o ¢ o o

GENERAT I ON [ ] L] [ ] L] L] e . L] L] [ ] L] L] [ ] [ ] [ ]

PULSE WAVE PROPAGATION: NORMAL ARTERY
VS, UNIFORM TUBE . « ¢ o o ¢ o o o o

PROPAGATION VELOCITY: ARRIVAL TIME
VS, DISTANCE « o o o o o o o s o o &

WALL MOTION: AXIAL LOCATION ., « « o

ELASTIC MODULUS: ARRIVAL TIME AND
WALL MOTION [ ) [ ) [ ] L ] [ ] ® [ ] [ ] [ ] . [ ] L ] L ]

REFLECTION COEFFICIENT:
BRESSUREWAVE...-......-'.

CONCLUSIONS AND RECOMMENDATIONS.: « 4« o o ¢ o o o o o

REFERENCES
APPENDICES
A

B
o
D

1

EXPERIMENTAL EQUIPMENT AND PROCEDURE .
WATER BATH CORRECTION 4 o o o o o o o
PHASE~LOCK MOTION TRANSDUCER « « ¢ « o

PROPAGATION PARAMETER OF NONUNIFORM
TUBES [ ] [ [ ] L] [ ] [ ] L] [ ] . e L] [ ] L] [ ]

MECHANICAL PROPERTIES OF RUBBER TUBES
REDUCED EXPERIMENTAL DATA + o « ¢ o o

77
79

83
84

20

98
99
105
110
117
117

125
127

128

130
134

136
142
146
151

163
175
179

186
192
197



FIGURE NO,

4-10
4-11
4-12
4-13

4-14

iv
LIST OF FIGURES

Velocity vs. Frequency for Pulse Wave

Relative Impedance vs. Nondimensional
Frequency

Pressure vs, Axial Position

Tube Mold and Mandrel |
Configurations of Hardened Sections
Pressure Pplse Wave

Arrival Time vé. Axial Position for
. Uniform Tube

TMD vs. Axial Position for Uniform Tube

Pressure vs, Axial Position for
Uniform Tube

RFC vs, Axial Position for Uniform Tube
RHP vs. Axial Position for Uniform Tube

Comparison of Pulse Wave Contour from
Centerline Pressure and Wall Motion

Radial Displacement of Free Tube for
Propagating Pulse

TMD vs. Axial Position for Single
Interface Hardening

RFC vs., Axial Position for Single
Interface Hardening

"RHP vs,., Axial Position for a Single

Intexrface Hardening

TMD vs, Axial Position for an
Axisymmetric Hardened Section ™

"PAGE
38
42
46
52
53
63

66
68,

70
73
76 -

80
82
.85
87
88

89



FIGURE NO.

- 4-15

4-18
4-19

5-1

5-2

6-6

RFC vs. Axial Position for an
Axisymmetric Hardened Section

RHP vs, Axial~Position for Axisymmetric
Hardened Section.

TMD vs, Axial Position for
Nonaxisymmetric Finite-Length Hardened
Sections

RFC vs, Axial Position for
Nenaxisymmetric Finite-Length Hardened
Sections

RHP vs. Axial Position for
Nonaxisymmetric Finite-Length Hardened
Sections '

™D vs. EMR for 2" Hardened Section in a
Tube with Cy = 225 in/sec

Reflection Coefficient vs, EMR for
Nonaxisymmetric Finite-Length Hardened
Section .

RHP vs. EMR for Nonaxisymmetric
. Finite-Length Hardened Section

Radial motion for a 180° Hardened
Section '

Exaggerated shape of wall deformation
for a Pulse Wave

Arrival time vs, axial position
TMD vs., axial position
Radial wave amplitude vs. axial position
Pulse Wave Wall Motion Ratio vs,
Elastic Modulus Ratio for a Nonaxi-
symmetric Hardened Sector
Nondimensional Time-Shift, TMD/(Ax/cO)

vs, Elastic Modulus in Plaque for
Different Sectors o

PAGE

91

92

94

95

97

103

109
113
114
124
132

132
134

138

140



FIGURE NO.

6-7

6-8

A-1
A-2

A-3

A-4
c-1

c-2

c-4

Cc-5

D-1
E-1

E-2

vi

Radial motion for a 180° Hardened
Section

Pressure vs, Axial Position -

Experimental Apparatus
Tube Holder and Piston

Coupling of Electromagnetic'Shaker
to Piston '

Pressure and Motion Transducers
Composition of returned signal

Schematic circuit of phase-lock
ultrasound transducer

Composition of transmitted and
returned signals

Phase-~lock Static Calibration.

Dynamic Calibration of Phase-Lock
Transducer

Pressure vs., Axial Position
Rubber Specimen Test Fixture

Magnitude of Eléstic Modulus
for Rubber

TMD vs., Axial Position for Single
Interface 20-50 Tube,

RFC vs, Axial Position for Single
Interface 20-50 Tube

RHP vs, Axial Position for Single-
Interface 20-50 Tube

TMD vs. Axial Position for Single
Interface 20-90 Tube_

PAGE

142
144

164
165

167
169
179

181"

181

183

184
188 -
195

196
198
199
200

201



FIGURE NO. | . . : PAGE

F-5 RFC vs, Axial Position for Single :

Interface 20-90 Tube 202
F-6 RHP vs. Axial Position for Single

Intexrface 20-90 Tube 203
F-7 TMD vs. Axial Position for 70 burometer

.Axisymmetric Finite~Length Section 204
F-8 RFC vs. Axial Position for 70 Durometer

Axisymmetric Finite-Length Section 205
-9 RHP vs. Axial Position for 70 Durometer

Finite-Length Axisymmetric Segment 206
F-10 TMD vs. Axial Position for 90 Durometer

Axisymmetric Finite-Length Section 207
F-1l1 TMD vs. Axial Position for 90 Durometer

' - Axisymmetric Finite-Length Section 208

F-12 RHP vs., Axial Position for 90 Durometer

Axisymmetric Finite~Length Section 209
F-13 T™™D vs. Axial Position for 30 Durometer

120° Section 210
F=14 RFC vs., Axial Position for 30 Durometer

120° -Section . 211"
F-15 RHP vs, Axial Position for 30 Durometer

120° Section . 212
F-16 ™™D vs. Axial Position for 30 Durometer

180° Section _ 213
F-17 RFC vs, Axial P051tlon for 30 Durometer -

180° Section 214
F-18 RHP vs, Axial Position for 30 Dufometer

180° Section o 215
F~19 T™MD vs. Axial Position for 50 Durometer .

120° Section 216
F=20 RFC vs,., Axial P051t10n for 50 Durometer

120° Ssection , " 217



FIGURE NO.

F=-21

F-22

F-28
F-29
F-30
F-31
F=-32

" F=-33

RHP vs, Axial Position for
120° Section

T™D vs. Axial Position for
180° Section

RFC vsf Axial Position for
Durometer 180° Section

RHP vs, Axial Position for
180° Section

TMD vs., Axial Position for
120° Section

RFC vs. Axial Position for
120° Section

RHP vs. Axial Positien for
120° Section

T™MD vs. Axial Position for
120° Section

RFC vs., Axial Position for
120° Section

RIIP vs,., Axial Position for
120° Section

T™MD vs, Axial Positibn for
180° Section

RFC vs. Axial Position for
180° Section

RHP vs., Axial Position for
180° Section

PAGE
50 Durometer
© 218
50 Durometer .
219
a 50
220
50'Durométer
221
70 Durometer
222
70 Durometer
223
70 Durometer
224
90 Durometer
225
90 Durometer
226
90 Durometer
227
90 Durometer
228
90 Durometer '
229
90 Durometer
230



ix

NOTATION

A = area
9 = wave Amplitgde
a = ﬁndeformed radius
B = bulk modulus
c = wave speed
Co = \f537555
Circ = circumference
Cp = capacitance
E ' = Eléstic‘modulus (Young's modulus)
£ - = frequency, hertz
Ny
oo o
G = shear modulus
h = tube wall thickness
i = V-1
Jo'Jl = Bessel's'functions
kz = attenuation congtant
L = axial length
n _ 2+ s(20 - 1)

s[Flo - 20]

= pressure

Volume flow



a © o H 13

< <

TMD

RFC

radial coordinate

Eh

(l - oz)apc

p)

radius of-tubé-

axial tethering force

radial tethering force

time
axial motion

radial motion

axial velocity

radial velocity

impedance = 22625
1
i B

Ax

)

t(x) - te(x)

Pe(x)

- p ™

O

Poe

I!Vtyv

3 2

(2

a

‘aw

c

nx



strain tensor

wave length
viscoelastic parameters
fluid viscosity
Laplace transform of modulus of rigidity
u/e

phase ‘angle

density

fluid source

poisson's ratio

stress tensor

angular dimension

2nf



ACKNOWLEDGMENTS

" I would like to thank Professor A. F. Emery for
providing the initial idea for this study as well as his
asgistance in the completion of the project. Also}'I
lwould like ‘to sincerely thank Professor R. F. Rushmer and
the Bioengineering Deéartment for their help, and support -
of the project. 'In addition, I would like to_thahk all
others at thé University of Washington who broviaed
facilities and assistance for me to achieve one of the

most meaningful goals of my life.



CHAPTER I

INTRODUCTION
"A man is as.old as his arteries" (Cabanis c. 1800)

This study has been conducted toAdevélop a new source
of information for clinically diagnosing the presence of
" ‘asymptomatic arterial disease. The basic elements of the
technique involve the measurement of a propagaéing-pulse
wave along the artery, and the‘intérpretations which can
be made from the data. The.use of prototype instrumentation
which transcutaneously measures the arterial wall motion
and careful controi over the experimental conditions can
provide a new and valuable.source of diaénostic information,
previously unobtainable in an in vitro situation.

The investigation and description of the arterial
pulse has been of interest to man through the ages of
recorded history. 'Many investigators and philosophers
have producéd a multitude of informatiqn describing the
nature and significance of the arterial pulse. At the
present time with hindéight in our favor we have found some
of the early reséarchers to be surprisingly correct in
their concepts. A precise explanation of the propagation

~of the pﬁlse from the heart along the artefial system was
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stated in 280 B.C. by Erasistrathos when he described the
pulse as appearing later in arééries that lie further from
heart than in those that lie nearer the center; Erasistrathos
also described the pulse as a passive phenomenon that . is
maintained by the action of the heart. He considered the
heart, the source of immanent vital power, fo be under
partial influenée of the brain(126). The truth of these
ideas has often been neglected, even to the present time.

The application of ‘quantified science to the analysis
of the blood pressure pulse was first done by Ha}es in his
classic experiment with a mare.which'had been tied to a gate.
"In his work in 1733, he not 6nly obtained quantified
information of‘the arterial and venous blood pressure but
he also developed information on the output of the heart,
arterial diﬁensions, and flow velocities besides being the
first to correctly state the role of tﬁe distensibility of
the arteries(53). |

Leonhard Euler wrote the first analytiéal paper on
‘blood flow in 1775, although it was not until 1883 that it
was published posthumously. He included in his aﬁalysis
the statemen£ of the continuity gquation for an incompressible

fluid;

A v . 9A _ . ' -
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the equation of motion for an inviscid fluid;

3V , 3V _ 1 9P : -

TE + V-a—);- = "E X | 1-2
and a statement relating the pressure to the cross-sectional
. area of the tube(36); :

. . ' 2 . .
. Po
A = Ay, (l-e °) 1-3
In 1808 Thomas Young obtained the relationship for the
pulse wave velocity that is still held as the first ordef
approximation in studies of pulse wave propagation(151).

This relationship;

_~ /R _
o =\/=p . 1-4

is known today as the Moens-Korteweg equation(72,92). Young
also suggested that the amplitude of pressure pulse should
decrease as it propagates peripherally. In contrast to the
normal attenuation he described the effect of a reflection,
.“supposing.a partial reflection of the pulse to take place .
Iat every point where it meets with any resistance, which
will leave a general distension 6f the artery." |

These initial investigatiéns which were.conductea
over a century and a half ago have correctly formulated the
essential basis for much of the studieé.of'pulsé wave
propagation that today has seen a phenomenal growth of

_interest and effort. The analytical techniques have been



developed-to the point of neaﬁ uniﬁtelligibility to those
not directly concerne& with the mathematical formalities
of solution, while the practitioners of the clinicai art
of utilizing such information in the studf, diagnosis and -
‘understanding of the.arterial system have developed their

own esoteric field of knowledge under the somewhat general

. title of.Cardiovascular Dynamics.

This study is intended to cover'thé two approaches of
"investigating pulse wave propagation, analytical and clinical,
in order.to develop results which can diagnose,pathologic
conditions of diseased arteries. At the present time there
is ﬁo adéquate diagnostic method which can identify and
evaluate localized changes in arterial walls until its
pathology is potentially catastrophic. Arterial disease

ié ranked as one of the leading causes of death in the
population today, being the éignificant factor in approx~
imaﬁely half the recorded deaths.. It has often been .
accepted as simply one aspect of the normal aging process;
however, its occurrence in middle agé, at a time when one
does not expect the effects of old age to be fatal or
incapacitating, has directed a considerable interest towards
understanding, diagnosing and tfeating its symptoms, In
addition to the possibility of understanding and controlling
the aging process, not discounting the seriousnesé of the
'motivat;on to preserve life, seems to indicate that one may

some time be able to reach out towards the goals of Ponce



de Leon.
iﬂis'wqu contains information necessary for the

" development of a potential diagnostic procedure that can

utilize the knowledge from the propagation of arterial pulse

‘waves or other propagating waves in order to establish

estimates of the méchanical propertiés of the arterial wall,

. especially the changes in these properties.that are expected

to occur in arterial disease, The limitations of previous

_ .studies have resulted from the use of the propagation

Qelocity and contour of the normal pulse wave as an
investigative source of informatiqn as well as liﬁited
instruméntation response. These diagnostic techniques

have only been able to examine'large arteriél lengths in
cpmparison to the shorter atherosclerotic plaque. Shorter
segments however, can now be studied with a newly developed
insgrument, the phase-lock doppler ultrasound motion trans-
ducer, which can measure the motion of the wall of an aftery
by sending an ultrasonic beam through the sﬁrface of the skin
to the artery beneath., With this inétrument, the dynamic
response of the wall of the artery can be examined without
the need for surgical procedure to expose the surface,

The information is obtained froﬁ the pulse wave, the slowest
propagating axisymmetric wave, which has the larggst radial -
motion making it most accessible for examination by an
instrument such as the phase-lock doppler.transducer.

Other types of propagating waves ﬁave also been considered,
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especially in the region where. the puise wave is Seing
formed, where they are shown to have the largest detectable
gffect. These other axisymmetric waves, axial and tofsional,
are defined as those waves with predominantly large axial
and torsional motion. This.study investigated both axial
and pﬁlse waves, with the torsional waves assumed to be
absent. The propagation of these waves along a fluid-
filled tube or artery involvés not only different velocities
for each wave, but also different rates of attenuation. |
The combination of the velocity and attenuation for a
‘partibular wave is éxpressed in terms of the propagation
constant, Changes in the local values of thé propagation
coristant can be related to the.changes‘in the mechanical
properties of the material in the tube wall. Also, other
quantities calculated from the radial motion of the wall
and the fluid pressure are shown to be related to the local
tube wall material pfoberties. By determining normal '
relatibnships for the propagating pulse wave, these deviations
~whicﬁ result from localized changes in the mechanical
properties of the arterial wall material can be identified.
The development of a new and nontraumatic diagnostic
technique for presymptomatic arterial disease involved a
careful search of the literature in order to locate pre-
vious approaches to the problem, There was a paucity of
information specifically concerned with the problem of

utilizing pulse wave propagation for identifying short
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localized segments of arteries which may or may not have
exhibited symptomatic pathology. .Analytic stuaies have
recently been able. to describe changes in normal pulse

" wave COntour,~only over lerge segments of the arterial
tree.(121) Clinical studies have not identified changes
in the propagation éarameters that could serve as a basis
for.developing a new diagnoseie technique. In order to
approach the problem it was necessary to lnvestlgate as
thoroughly as possmble the alternatives which would be
available.

An experimental program was undertekep to investigate
in a controlled sitﬁation, the proposed technique by using
models of the arterial well. In this study, the variations
in the propagatiop parameters for pulse wave travel along
fluid-filled tubes.having hardened wall.sections were
obtained. The role of the phase-lock transducer as a
ﬁotentially useful diagnostic inetrument was assessed,
Configurationsfof the tubes and relative mechanical
properties of the materials were selected to serve as a
representative model of arteriel disease. Studies or the
dynamic material preperties of the tube wall material.were
completed to obtain an accurate deecription of the material -
for interpreting the results from the experlment and
applying them to the potential in vxtro situation. The
duration of the pulse wave was found to effect the results

and this is dlscussed. In the study axisymmetric waves



8
were generated with a piston at one end of the ﬁube, although
pulse waves can be generated from nonaxisymmetric sources.
The significant quantitative information in terms of the
parameters of the tubes used in the ekperimental study, ahd
" the application of the results to the development of a
clinically useful £echnique for evaluating arterial disease

. will be discussed as an extension of this work.,



CHAPTER II

BACKGROUND

The study and explanation of the afterial pulse has
been an'intrigﬁing subject over the years. Notwithstanding
the philosophical or other qualitative descriptions, the
analytical treatments have generated ﬁheir own vast volume
of literature. The extension of the knowledge of pulse
wave. propagation to developing a useful technique for
diagnosing arterial disease'has been previously investigated,
but not with the instrumentation or refinement in technique

utilized in this study.

EARLY WORKS

The work of Thomas Youné‘contains'the earliest
statement of the cofréct relationship between the variéblés
used for calculating the pulse wave velocity(151), His
" description of ﬁhe mechanical properties of the wail of
the tube was expressed in terms of the intgrnal pressure
necessary to distend the wall, and although correct, it .
has not been universally recognized as the earliest
correct formulation of the pulse wave velocity. The early
analysis of the propagation of the arterial pulse has
been historically noted to have'bggun éevera} decades

later than when the more common expression for the
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propagation velocity of the pulse wave was proposed, This

relationship in the current notation is:

¢o= m ' ‘ ‘ 2-1

and is commonly known as the Moens-Korteweé Equation,
Moens obtained'this experimentally with a leading constént
that he found to equal .8, .9, and 1,036 in various
situations(92)., Korteweg reached the fesult for the
expression of the propagation

C = [%ﬁﬁ + 1—‘;-]-;5 2-2.
of sound waves in a fluid enclosed in. an elastic tube(72).
Since the bulk modulus, B, for blood is extremely large the
two formulations are identical.

Even though ghe investigation and'accurate predict;on
of the pulse waﬁe velocity has constituted a source ofv
informatibn in the investigation 6f the cardiovascular
systém, it has been essentially neglected in one of thé
common models for the total circulatory system, This
model, the Windkessel, consideré the heart to be an analogy
to the obsolescent water pumps used by fire'departments at
the turn of the century where the water was pumped by
repeatedly compressing air in the large cylinder of the.
water.pump(lzs). In this modei,.the flow is simply the

laminar .xrunoff due to the'pressure gradient. Even today
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.thig‘overlf simple model has provided a heuristic basis for
explaining the function of the cardiovascular system for one
or more of_the following reasons: 1) the time constant of
the phenomena of interest is longer than the duration of a
normal heartbeat, 2) the length pf the body is approximately
20% of one wavelength; hence, a.shallow pressure gradient
along segments of the artery, and- 3):the design of'the
cardiovdscular system provides an optimum impedance'matghing
between’ the proximal aorta and peripheral vessels with a
minimum of exterraneoﬁs reflections (133), The Windkessel,
although still commonly discussed, is not a useful basis
for the more'sophiéticated analytical studies avéilable

today.

CURRENT FORMS OF SOLUTION: LINEARIZED MODELS

The ofiéin of the more detailed apalytic approaches
to pulse propagatibn.in fluid-filled tubes must be attri-
buted to Witzig(l42). Later stﬁdies have shown that there
are several 6ﬁissions.in his work, but much of ‘the general .
nature of the results can be intérpreted as correct. His
omission of the shear stress éf the fluid at the inner
surface of the tube wall has made the results somewhat
inaccurate, but the‘viécous effects of the fluid itself
conveys the general nature of viscq;ity as it is presently

understood to exist. The expression proposed by Witzig for

T~
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the average axial velocity in the tube

: 2J1(Z)
vo= A2 |- '2-3
x T Tupk Z3. (2T )

. WP
= 13\ [ ———t=
z V™

‘is the same form taken for other studies which have come
more recently. Witzig's expression can be obtained as a
particular solution for eiastic walled tubes as was done by
.Womersley(l44). It has been experimentally verified by

Richardson and Tyler using a hot wire anemometer(117).

Assumptions: |

. fhe extension of the rigid tube mddels to the elastic
tube models has produced the‘greatest am;unt of analytical
information describing the pérformance of the cardiovascuiar
system, The general assumptions which have been made with
these models are: 1) axisymmetric motion, 2) a long tube
with respect to wavelength, 3)long wavelength with respect
to tuﬁe diameter, 4) laminar flow, 5) incompressible
£luid, and  6) hoﬁogenous isotropic tube. The differences
in the various solutions have been primarily in the areas

of the description of ‘the tube Qall motion and the boundary
conditions. The use of the Navier-Stokes equations for the
.descripgion of the fluid motion is common enough to make

the statement that it is the only édequate description of the

fluid that has proied amenable to solution.
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Fluid Model:

In order to use the Navier-Stokes equationslfor a
representation of the fluid éuthors have made various
simplifications, Ataﬁeck and Lew(9), Cox(30), Jones(67)

'Klip(70), Morgan and Kieley(95),. Taylor(132), Witzig(l42),
and wOmersley(l44)'have all used the linearized Navier-Stokes
- equations. Morgan and Ferrante in studying the case of
streaming flow considered_pulsétile flow to be a small

. perturbation on Poiseuille flow(94). Lambert retained

the nonlinear conQective terms, but assumed the fluid to bé
inviscid(74). Barnard obtained a‘one—dimensionalﬂform of
the Navier-Stokes equations by retaining the leading non-
linear terms and integrating over the cross~-sectional area
(21) ., Streeter derived a one-dimensional form of the
equations of motion inclﬁding a term for viscous drag(l29).
Rockwell utilized a somewhat similar approach to Streeter
and Barnard to obtain a one-dimensional equation of motion
for the fluid(12l). Fox and Saibel obtained an integral

form of the equation of motion(43).

Wall Modelé: .

The wall of the tube has been described in various ways
by the different authors. Lambert(74) , Barnard(2l), Rockwell
(121), and Streeter(129) have used the most direct relation
- in taking the wall to be a simple hoop. Clinically this is

. known as the Law of LaPlace., A greater level of sophistication
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in'the.descriptiop of the wall is seen in the use of the .
membrane equations of motion.‘.Atabeck and Lew(Q), Morgan
and Ferrante(94), Morgan and Kieley(95), Taylor(132), Witzig
(142) and Womersley(l44) have used Love's membrane theory.
Jones (67) and Maxwell (83) have used Flugge's relations for
‘the eéuations of motion of membrane shells, and Greenspon
(47) has shown how these can be extended to thick walled
cylinders., Klip(70) and Cok(38) have used the classical
equations of elasticity in the derivation of the equatiohs
of motion for the wall, then used thin-walled assumptions

to rework the equationSAfor}solutioﬁ. Mirsky has developed
| the equations of motion for cylindrical shells_incorporating
the effects of rotary inertia and vertical shear(89,90).
Klip(70) , Morgan and Kieley(95), and ﬁomersley(l44) have
included the effects of viscoelasticity in the wall by |
assuming the material to be of é Vo;gt nature, that is, a
spring and viscous element acting in parallel. Cox e#tended
this to include a combination of Voigt and Ma%well models
. to describe the time-dependent nature of the wall material,
then further generalized to use. a sum of Voigt and Maxwell’

elements to match theoretical with experimental results(30).

Boundary Conditions:
The boundary conditions that have been chosen by the
various authors have been determined by the relationship

chosen for the wall, Aﬁabeck and Lew(9), Jones(67), Morgan .
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and Ferrante(94), Moggan and kielef(QS),'Taylor(lBB), and
wOmersley(l44) have used the effect of the stress of the
fluid on the tube wall in thé equations of motion fdr'the~
wall, Cox(30), Fox and Saibel(43), and Klié(?O) have used
‘the continuity of the radial and shear stress components at
the fluid-wall bouﬂdary in addition to the continuity of

- the velocity components. Barnard assumed continuity éf the
radial displacement bhut assumea the axial component of the
. wall motion to be zero(20)., Maxwell(83) assumed continuity

of the displacements only.

Solution Formats:

The various solutioﬂ formats that have been presented
have centered in a few areas. Atabeck and Lew(9), Jones(67),
and Womersley(l44) have solved for the pressure gradient-flow
relationship in addition to the propagaﬁion constant. Klip
(70) , Maxwell(83), Mirsky(89,90), Morgan'and Ferraﬁte(94),
Morgan and Kieley(95), and Taylork133) have SOIQed for the
propagation constant only. .Fox and Saibel(43) did not solve
their expression gxplicitly, but left it in the form of an
inversion integral. Streeter(129), and Barnard(20), did not
solve their equations explicitly, but indicated the use of
the method of characteristics for obtaining a solution.
Rockwell has soived these equations using the method of
- characteristics and has obtained results in the form of

propagaéion constants and flowépressuré rélations(lZl).
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Tﬁe extensive,lineérized treatments that have been
developed, have used the ass@mption that the wavelength is
"long with respect to the diameter of the tube, and thét the
tube is long with respect to the waveléngth. Studies 5a§éﬁ
'upon these premises'have not been able to include changes in
the arterial system that occur over relatively short segments
- of the artery. One-dimensiona; methods, for example, like
that used by Rockwell(1l2l), have been abie to.consider the
- . effects of changing the diameter, mechanical properties ofq
the wali, and outflow through branches at distancgs that
correspond to actual biological situations. The limitations
of the models have not allowed the direct modeling of
Qrterial disease as a perturbaiion on an'existing solution
structure. The development 6f a model ts simulate the
effects of arterial diseése,'or atherosclerosis, the direct

effects on the artery wall must be considered.

BIOLOGICAL BACKGROUND: Arteries and Arterial Disease

i In order to fairly assess the problem of modeling
atherosclerosis it is necessary to understand some of the
basic structural elements of the artery. The normal
condition of the artery is takeﬁ to be the undiseased state
with the changes related to atherosclerosis described as

changes from the normal condition. It is generally agreed
:that an ,accurate over-all view of'the.wall can be obtained

by separating it into three annular layers. From the inner
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surface to the outer surface these layers or lamina are
called the tunica intima, the tpnica media, and the tunica
adventitia. . The existence of seéarations between these |
layers is well defined, but not always easy to see with aa
arbitrary staining technique; Arteries are structurally
categorlzed into two types ~-- elastic and muscular -- and
although the dividing 11ne between the two is not always
clear it prov1des a common ba513 for describing the arterlal.
wall(55) . ‘ |

When analyzing the three-layered structure of the
arterial wall it is noted that the two prima;y-st;uctural
components of the aftery, collagen and elastin,.are distri-~
buted throughoﬁt the thiakness in various amounts and
structures. The inner lamina, the tunica intima, is
arranged with'thin} flat .(squamous) epifhelial cells adjacenf
to the lumen (the intériof opening of the.artery). The
épithelial cells are'supported bj a basementAmembrane of
primarily elastic tissue beneath which is a somewhat non-
descript region containing some delicate elastic and collagen
fibers in an amorphoric intercéllular substance. Separating
the intima from‘the.media is the internal elastic membrane,
a fairly dense and sometimes imparQious layer of elastic
ﬁissue. The center lamina, the tunica media, contains the
primary distinguishing features caéegorizing the arteries into

two types) muscular and elastic, Appropriately, the muscular

arteries have smooth muscle in the'media and the elastic
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arteries have rather dense elagtic'tissue in the média(SS).
The elastic arteries which functionally lie nearer the heart
are the aorta, innominate, subclavian, common carotid,'and
pulmonary arteries(33). The tunica media for the elastic
arteries composes the bulk of the artery wall thickness
and is itself composed of lamina of elastic fibers with
interspersed material to separate the lamina., For the
muscular arteries the tunica media is composed of smooth.
muscle with varying amounts of collagen and elastin, the
amounts being primarily determined by reiative size of the
_artery. The outermost 1amina of thé media is the external
'elastiC'membrane, and is used as the demarcation between fhe
hedia andlthe adventitia. The outer 1gyer of the arterial
wall is the tunica adventitia and is composed of both collagen
and elastic fibers with relative amounts being determined by
the type of'értery. In addition to containing structural
fibers, the advéntifié contains many small arteries called
vasa‘vasofum (the arteries of arteries) which.supply the
" metabolic needs of the arterial.wall., In classifying the
types of arteries it is noted that the adventitia is
noticeably much thinner for elastic arteriés than for muscular

arteries (17).

Arterial Disease:
The essential problem in the study of atherosclerosis -

is the evaluation of the manner in which the .arterial wall
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has undergone changes from what is called normal. These
changes are referred to as disesse states or psthological
conditions that in.themselves oftsn imply very little sbost

' the actual condition of the artery. Some of the known changes

which the arterial wall does experience will be given to
illustrste the rathér diffuse phenomena that can be experi-
enced, as well as the severitf.of the csndition.
Fuﬁctionally thsre are two pathological condifions-
that can sccﬁr, both relating to the ability of the arterialn

system to supply blood for the metabolic needs of the body.

The first of these, an aneurism, can be vmewed as the gradual o
weakening, Wthh results in a continued bulging out of the
wall over a flnlte length, finally reaching the point’ where
the artery bursts. The sécond condition, commonly put undexr
the title atheroScierosis, is the gradusl growth of material
inside the artery progressively blocking sff the blood supplyA
to all parts of the Body distal (downstream) to the stenosis
(occlusion)., In addition to atherosclerosis, pér se, there

is also the problem of a thrombosis that can form inside an .

artery, effectively shutting of £ the blood supply. A throm-

bosis is consideréd fo be a blood clot or clot-like formation
because of its composition contaiping degenerate blood with

a fibrin maﬁrix as a supporting structure. There are,
however, some distinctive features'that make the thrombus
unlike the blodd clot, with the primary characteristic

being that a clot has a smaller pefsentage of red cells than
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a thrombus., Fibrin, a protein.that can be formed in the
clotting of bloo@, is found both in the thrombus and in a
layered fashion in the raised atherosclerotic Elaque. "With
fibrin found in both the thrombosis and atherosclerotic plaque
there is much discussion about the actual pathogenic mechanism
of formation; however, in addition to this the presence of
fibrin ié found with a PTAH staining technique which some say
is not a definite proof of the existenqe of £ibrin(91l).

The actual definition of atherosclerosis is not clearly
defined in the minds of many investigators, which leads to
disagreements as to the nature of atherosclerosis and its
'treatmenp: ".eosthe biologicél significance of the morpho-
logical artifacts (constant or otherwise) whicﬁ are observed
is not established beyond reasénable doubt in the minds of
many investigators, thus leading to the unfortunately wide
divergence of opinion which exists with regard to alleged
distinction between nonpathologiéal'or developmental 'normal
aging' process and the decidedly pathologicallprocess of
' 'atherosclerosis' which actually bring the paéienp to either
clinical or pathological examination",

In one of the recent attempts to more systematicglly
classify the changes observed in the arterial walls, Mitchell
and Schwartz(91) have defined four categories into which
thef classify atherpsclefotic plaques, The immense effort

which they expended is illustrative of the difficulty in

el .
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obtainiﬁg information, and indicative of the magniﬁude'of.the
work yet to be done in order td more fully understand the
phenomenon called atherosclerosis. They have classified
atherosclerotic plaques into four distinct types. The first
type of plagque which they cohsidered is the flat plaque or
intim&l streak and is confined to the intimal layer only.
The second and third types are the raised plaques which extend
from the intimg into the lumén as well as invading other
lamina of the wall, The éistinction between the two typés
is that while the second type has a coating of lipids (fats)
on the surface adjacent -to the lumeﬂ, the third type does not;
.The fourth type is a degenération of the raised plaque to o
form a complicated plaque which is or could possibly be
catastrophic. |

| The first type of plaque that is seen is the one
detected at the earliest chronolqgiqal age, and is called a
fiat plagque. A Sudan 1V staining technique makes the lipid
areas ﬁisible; hence, the plaques have been célled'flat
1sudaﬂophilic pléques. When obse;ved under the light micro-
scope the plaque is seen to be primarily an accumulation of
lipids in the intimal layer., There are other phenomena which
are observed in the media and adventitia such as small fatty
droplets, hyaline thickening (the presence of cartilage),
and calcificatibn (bone-iike material that'may be derived
from cartiiage), but these are believed to be ubiquitous

conditions of the arterial wall and not direcély related to
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the présénce of any sorﬁ of plaque-like formation, fheir
common occurrence is probably an accidental association of
two unrelated processes. - |
. The more common type of lesion that is found and com-

monly called atherosclerosis is tbe_raised plagque, It is
distincély larger than the f1a£ plaque and is apparently not
part of an evolutionary process beginning with the flat plaque;
The reasons supporting'this‘view are that there have not been
found any intermediate types of plaques, and that the pre-
dominant anatomical locations for each type are different.
One of the cha;astéristic features that can be observed in a
sectioned plaque under the light microscope is tha£ there is
a distinct laminated appearance in certain areas of the .plaque.
This comes from dense fibrous bundles that form some of the
architectural strﬁéture of the plaque. This fibrous tissue
encloses masses of fatty material ﬁhat often is soft and pulpy,
and can be squeezéd out when the plaque is incised."The
calcification of the plaque which often occurs can usually
be found in the fibrous tissue, but has also been found in

the fatty deposits. There is also calcification present in

the media, and this is felt to be somewhat similar to that
| which occurs with the flat plaque--that is, it is An ocgurrencé.
independent of the formation of the plaque itself. There is
some correlation between the calcification of the internal
elastic membrane and the occurrence of raised plaques, but it

is not conclusive. In about 20 percent of the raised plaques
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there are-granular-appearing ereas which~are groups of many
dlfferent types of cells, including multinucleate cells of

the foreign body type, macrophages containing plgment or lipid,
plasma cells, and many small round cells morphologically
‘'similar to lymphocytes, '

The growth of the raised pleque is often assumed to be

‘a lesion which somehow sticks to the inner surface of the
artery protruding into the lumen to reduce the effective
. blood-carrying capacity of the artery. This overly simplified
.view is not correct, and overlooks the much more fundamental
and diffuse phenomena which are occurring., The raised plaque
not onlybprotrudes into the.lumen,.but also invades the
‘intima and media, ultimately causing the media to become much
thinner., In the process of thinning out'the media, the fibers
of collagen and elastin become closely packed, suggesting a
loss of other ﬁedial components such as smooth muscle. This
becomes particularly 51gn1f1cant in endarterectomy (the .
surglcal removal of the plaque or other occluding materlal)
commonly leaving the adventitia as the only remaining
structural component of the arterial wall., It is also noted

that the vasa vasorum develops a more extehsive blood supply
| network creating a hypervasculaf artery and pleque. These
additional blood vessels are prone to rupture in complicated,
plaques, causing the hemorrhaging into the plaque‘ﬁhich often’ is

found with this pathologic condition(91).

-
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In addition tofthe changes that-occur'in_thé intima -
and media, there.are‘changes in‘the adVentitia'that are not
generally recognized as parﬁ'bf tﬁe atherosclerotic pfocéss.

" The firét‘Of thése'is a ndticeable increase in’thevamount‘of
fibrous tissue in the adventitia, making the artery very
stiff'ﬁnd hard, This is noticeable in arterial surgery where
the increased fibrous makés-i£~di£ficuit-£o make an ihcision 
in the afﬁerial wall.' | | |
| Tﬁe second of the changes is an increase in vasCularity
of the adventitia, concomitant with thé ihcreased vascularity
of the plaque., Tﬁe third is the gfbwth of g;oups.of cells
forming granular aréas similar to those found in the plaque.
Their extent may be confined to the adventitia only, ‘or may

~go inward to join with siﬁilar‘areas of the plaque or outward
about the artery, sometimes encircling £he adjacent nerve.,

Their presence correlates'with the growth.of plaques ‘on the
luminal surface, although there is no eiplanation for their
existence (91) .

From the evidence relating the first type of plaque to
the intima only, and the raised pla§ue to the entire wall,
it appears that'the'one may suppose that the raised plaque
is in its inception begins with thé media, rather than the
intima. The changing cohditions which are present, and
appear to be associated with advaﬁceé stages of diéease,
such as calcification and lipid deposits, may be found in

the media when a complete raised éiaque has not formed. The

o
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élaque is. assumed to form in the media with the protrﬁsion

into the lumen, and changes in the adventitia being shbsequent

events(9l).'

MECHANICAL PROPERTIES OF ARTERIES: Normal and Diséased

Associated wifh the histologic changes in athero-
sclerosis are changes in the mechanical properties of the wall,
'The most complete studies of the mechanical properties of
the normal wall were done by Bergel on eicised afterial seg-
- .ments(22,23), Peterson(l108,111l) and Patel(l05) used trans-
ducers for radial displacement and internal préssure to
dynamically measure the circumferential elastic properties
of an exposed canine artery. The investigation of the
ﬁechanical properties of the diseased arterial wall was dbné
by Feigel, et al.(40), in which they conéluded that in the
presence of mild~atherosélerosis the arterial wall exhibited
a general increase in the elastic modulus, This is generally
accepted result and for this reason arterial disease has been
referred to as "hardening of the arteries". Learoyd and
Taylof in a somewhat extensive study have shown that although
the thoracic arteries (inside the chest or ribcage) do
demonstrate an increase in tne glastic modulus, the iliac
and upper femoral arteries when not heavily encrusted with
atherosclerotic plaques may at times show a noticeable

' decrease in elastic modulus(75).
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PULSE WAVE STUDIES: Effects of Age and Disease

The anticipation of detecting a change in the elastic
modulus of the arterial wall that can be associated with
' atherbsclerosis has prompéed several previous investigations

in the measurement of pulse wave velocity. In an early study

.
LR

Bramwell;ikill, and.McSwiney(25) measured the difference

in fhe arrival time of the cérbtid and srachial pulses and
concluded.thaﬁ the puise w#vé velocity increased froﬁ about

5 meters)sedond at Birth to about 8.5 meters/second at 85
years of age. The studies of Woolam(147), Roach and Burton
(119), Yoshimura, gE al.(149), Monnief(935, Hallock (54),
Haynes, et g;.(GO),'and Nye(99) have reached the general
conclusion that the pulsé wave velocity increases with age.
Yoshimura, et al. have used thé~reduction of the average
pulse wave veIodit& in the peripheéeral véssels as a diagnostié
indicator for assessihg tﬁe success of cpémotherapy in treat-
ing arterial diseasekl49). O‘Roﬁrke(loz) neglected to measure
the distance‘bétween his transducers in publishing only the
transit time between anatomical sites of the aorta. But he.
did notice that ‘the amplificat{on of the arterial pulse was
less in the preéehcé of age or atherosclerosis. Since.the
amplification is related to the gxéected alteration in the
amplitude and contour of the pulse w§0e as it propagates
along the major arteries, it provides a potential diagnostic

source of information. .

-
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The studies that have investigated the altered contour
of tbe pulse wave in fhe presence of atherosclerosis have
not.been conéérned with the changes propagation parameters
in the presence of subsymptomatic disease,'but have éoncenr
trated on studies iq_the presence of partially occluding
plagques. Pulse contour studies ﬁaﬁe generally utilized a
‘partially inflated cuff wrapped about the limb to determine
the pulse contour. The results from these investigations
have been of a qualitativé nature, Hymén(63) and Edwards
.(34,35) found that the pulse distal to a stenosis is lower
in amplitude and more rounded. These results could come from
an atherosclerotic plaque as Hyman'found, or from the digital
compression of the artery to produce a partial occlusion as
Edwards used, Lax(78) and Cooper(29), have found that the
dichrotic wave is lost in the presencé of an occluding or
partially occlﬁding lesion. It appears the stenosed artery
can.be likened to a highly damped transmission line, or to
a low pass filter whefe the pulse has a slowér rise time, a
lower amplitude, and loss of definitive characteristics in the
pu}se contour, In order.fo study the effects of arterial
disease in a more controlled manner Fiddian(4l) fabricated
model atherosclerotic.plaques from sections of lucite tubes,
and inserted them into the cardiovascular system, and O'Rourke
(102) fabricated simulated plaques from plaster-of-paris
" packed §bout the exterior of the artery. _Both these studies

were somewhat too grosslyvexecuted'to’be of much quantitative
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value, but they did qualitatively confirm that such modifi-
cations of the wall definitely can affect propagation -

characteristics of the pulse wave,

PRESENT STATUS OF PULSE WAVE ANALYSIS

. The deveiopment of a nontraumatic diagnostic procedure
for presymptomatic arterial disease involves the implemehtation
of new methods for obtaining information as well as extending
techniques from previouély conducted research. McDonald (84)
has measured the local pulse wave velocity by inserting two
catheteré into the artery. This method in reQuiring the
-insertion'of pressuré cétheters,vis traumatic, in addition to
being limited in the resolution of the data. Yao(148) in
utilizing the recénfly developed doppler ultrasound trans-
ducer has found that it is an effective instrument for assess-
ing the effectiveness of cardiovascular surgery ih_improving
peripheral circulation. Yoshimura, et 53.(149) have found
that a reductioﬁ in average pulsewave velocity following
. chemotherépy in treating arterial disease, Cuffs and qthef
'surface transducers are neither accurate nor specific in
location for describing the preéence of a small presymptor
matic lesion, and to date have nét'produced cdnclusive'data.

The development of a diagnostic procedure for arte;ial
disease based upon variations in the arterial pulse wave
pfopagation must be based upon what is known of the normal

pulse., The studies which have been previously conducted have
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not always utilized a sufficient amount of rigor in éheir
technique to provide acchrate quantitative answérs. In this
study it will be shown how a more'closely controlled téchhique
' associated with more precise instrumentation can provide |
quantitative answers about the nature and location of lesions
of the felative size with which they occur in the arterial

systém.



CHAPTER 'III
THEORETICAL CONSIDERATIONS

This chapter discussés the theoretigal foundations
used in the interpretations of the experimental results.:
The most extensive theoretical investigations of pulse wave
transmission along fluid-filied elastic tubes have come in
the past 15 years since tﬁe works of Womersley(l44) and '
Morgan and his co-workers(94,95), The general form of the

background for the problem has been.in existence since the
early 1900's with Witzig's work(142) on fluid-filled rigid
tubes, but the advent of high speed elgctronic computers has
produced solutions for flexible walled tubes using larger
and more inclusive statements of the problem than had been
previously possible with a reasonable effort., These solutions
result from the linearization of the general equations of |
motion. Their formulation has included the a%ial and radial
 wal1‘motion as Qell as fluid pressure and its axial and
radial motion. The limitations of thesé solutions to
infinitely long tubes and long wave lengths'have motivated
several investigators to further linearize the equations

to produce one-dimensional solutions. - The‘one—dimensional
solutions, which have been solved by the method of

characteristics or electrical analogs can account for

v '
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variations in the boundary conditions, tube wall materials,
and volume flow along the axis of the tube, that were not

possible with more general problem statements.

LINEARIZED EQUATIONS: Fluid Motion

The description of the fluid within the tube has been
studied by assuming it to be a Newtonian fluid. Blood of
‘course is not strictly Newtonian, but Tay}of(lBl)‘in
analyzing the cardiovascular system has shown that it may
‘'be assumed to follow a linear stress-shear-rate law for the
larger vessels. The analytic representation of the fluid
that has been used is that the Navier-Stokes equations.

For the axisymmetric motion of an incompressible fluid they

are:
X , 2 2
X pOX  P7 gy2 T 9OF o x?
. 2 ' 2
&.q.v 3_V_r+v B_VE.—_.];?_P_.g.y.(a Vr+.]_'.avr+avr—y__)
ot ror X 90X por 5 r2 r or . 52 2 (3-2)

The viscosity, U, represents the apparent or effective vis-
cosity for the fluid., Also used is the continuity equation
for an incompressible fluid.

V. Vv v
: T tEt =0 (3-3) .
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As. the Navier-Stokes equations are stated, they are
not tractable until they are simplified and 11nearized. The
assumptions Wthh underlie the linearlzation are discussed
in detail by Fry and Greenfield(44). The'solution of the .
‘equations is based upon the assu@ptions of pressure, and

velocity of:

P = P(r) exp‘[iw(t-x/c)]
V. = V.(r) exp [tw(t-x/c)] (3-4)
Ve = Vo (r) exp [Zw(t-x/c)]

By utilizing assumptions (3-4) -and the continuity relation-

ship (3-2), equations (3-1) "can be reduced to:

. d%v_(r) dv_(r) V_.(x)
r 1l r 3. 2 _ .xr _ a dap(r)
oy TE¥TE Tt e - == S (309
d?v_(x) av_ (r) ' soo2
X 1 "X . «3 2 - 2«_1_1-9__ -
-—-d—yT- + ; T + 1°a Vx(r) C m P(r) (3 6)
The solution of these has been formulated as:
P = AT, (BZ) expliw(t-x/c)]
— r_aB2 r 8 : 2.n2y3 r ; - -
V. =1 A;:-z- J, (83) +'Bm Jy [(a®+8%)* F1lexpiw(t=-x/c)] (3-7)
| 2yazy b i : N
v, = [-A%%T 3o (8E) + Bé§°+§ )~ g, [(a2+82)2 L]lexpliw (t-x/c)]
. (3-8)
where: : 2 C
o = {3 22 - (3-9)
éw'

B=4 = - (3-10)
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Wall Motion

The development of ‘a model chosen for the Qall of the
tube must be matched to the solution for the f£fluid at the |
inner surface of the tube. The tube is described with
equations of motion relatiné the dynamic response of the tube
wall Eo the stresses imposed upon it. The statements of .the
material properties of the wall material are used to relate
the stresses the material to‘the deformations that result
from those stresses.

The fofmulation representing the thbe wall has ranged

from the simple hoop stress'model (6linically known as the
.Law of LaPlace) to the axisymmetric equations of visco-
elasticity.

In describing the motion of the.tube wall by incorporating
the time-~dependent properties of the material, the definition

of the material response takes the following form:

L4 A2 el = o2u (14 Aol el. (3-11)
3 Fij 0 3t “ij -

The parameters 1A, , the relaxation time, and A: _the retarda~
tion time, are assumed to be small in relation to 1.0(30,70).

A complex modulus may be defined as:

: |
1l + X2
wo= | kL (3-12)

° 1+)‘l'ﬁ-

For the Voigt material A, = 0 and the above relation becomesé
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3
* —1 — . -
u Mo [1 4+ X» at] (3-13)

This is incorporated into the linearized axisymmetric'

equations of motion:

o0 1 o0

3o g..~0 3%U
B e el a't: (3-14)
30 30 EY d%U ‘
e T s

by utilizing the sﬁrain-displacement COmpénents in cylindrical

‘ coordinates:

BUr : ' .
grr = —= , ) A (3-16)
v oU :
o _r 3_‘ 5] . . : -
Eee = —-i_-.+ T —ae ' (3 17)
-, ‘ : -
Cxx = Ix . 318
v Y1) U U . - '
O § X 6 _ 6 : -
Zere =555 + T -f— (3-19)
U °U .
R % ' : -
2rx = %% 5T | - (3-20)
1) 18] . :
_ 1 ""x 0 ' e . -
269y = T35 T 3% , - (3-21)

to produce the final equations of motion:
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3U U d2U_ - 32U
.l x- L, _Z- z . (3-22)
or? r ax?  u  ot? -
2 2 2
d2u, 4 80, AfUu, p AT,
+ F ar + h - ""*‘ (3"23)
or? ax2 u  ot?
The motion of the tube is assumed to be of the form:
u, = Ur(r) exp [Z(wt - 8x) 1 (3-24)
UX = Ux(r) exp [Z(wt -~ §x)]. (3-25)

where 6 is the propagation constant in the form w/C with C
being a complex constant incorporating the effects of both
the wave speed and the attenuation,

The solution of (3-22) and (3-23) provides the follow-
ing statement of the pube wall motion: |

.Ur

[AlJl(knr) + Ba¥y(k r)] éxp ©(ut - 6x) (3-26)

Ux

1

[AzJo(knr) + BaY (k. r)] exp i(wt - 6x) (3~27)

The assumption of incompfessibility in the continuity

relationship:

=0 o (3-28)
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produces the relationships between the constants in (3-26)

and (3-27).

. kn )
Ay = _"D-&Al ’ (3-29)
) kn :
B, = —;E'Bx ) (3-30) .

Obtaining the pfdpagation constant § is the difficult part
of the solution, and the major portion of the remaining
simplifications are méde at this pointf The solution is a
result of applying_the boundary conditions, and'solving'for-

. thé~propagation constant for each frequency of interest.

Boundary Conditions

The solution of the set of equafions for the fluid and
the wall involves eight boundary conditions that have been
expressed in various forms by the different authors. These

arxe:
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Axisymmetric motion of the fluid:

No radial velocity at the c¢enterline:

1) V. =0 at r=0 (3-31)

The velocity profile is symmetric at the centerline:

2) BVk
or

=0 at r=0 (3-32)
Shear stress at the inner wall is balanced in the fluid and

the tube wall:

3V 8V 3U_ B U o
3) gy + g2l = wr gy + 5] at r=a (3-33)

The normal stress at the inner wall is the same in the fluid

and the tube wall:

BVr E oU ) '
4) ~-P + 2u§;— = 2u*—5§ at r=a (3-34)

The shear stress at the outer tube wall surface:
ouU oU

5) pr[l—me 4+ —=] =T at r=b (3-35)
9x  9x X T, = axial tethering force
The normal stress at the outer tube wall:
oUr _ :
-y =T at at r=b (3-36)
6) 2u* or ro. T .= radial tethering force

The radial velocity is the same for both the fluid and tube

at the inner tube wall:
o
= X ' = -
7) Vr = 5% | ‘ ‘ at r=a (3-37)
The axial velocity is the same for both the fluid and the
tube wall at the inner surﬁace:

53U
8) V. X

x = 5% at r=a (3-38)
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Solution ‘of Linearized Equations

The solution of the linearized equations yieldAinfor-
mation about the various effects of parameters on tﬁe propaga-
~tion consﬁant § = % « The variation witﬁ frequency w of
"the pulse wave velocity, which is essentially the group
velocity of thé trévelling pulse Qavé, has been developed by

~Womersley(l44) and is of the form:

1.0 4

a=aVe 10

Figure 3-1
Velocity vs. Frequenby for Pulse Wave
The experimental work of Anliker(67,83,139) and his co-workers
" has borne out the validity of this result for higher frequencies

in experiméntal studies using caningAarteries. Figure 3-1
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shows the dispersion of pulse wave propagation, that is the’
variation in propagation velocity'with frequenéy. The curve
shows a definite break at a low frequency, here repreéented
" by the value 6f nondimensional quantity ¢ = 2, This point
corresppnds to a frequency of about 0.3 hertz. Above this
frequency the prOpaéation velocitylchanges little with
freéuency and can be estimated to within a few percent by
co . Th§<dis§ersion in the pulse wave propagating aiong-a
uniform tube.is not‘sufficient to expla;n the observed |
changes in the pulse wave as it propagates along the aorta
(143). - |

ihe propagation velocity also varies witﬁ the viscosity

of the fluid; and has beep expressed by Morgan and Kieley(95)

as:

o ‘ o .

c --‘\/%‘;-5 (1.~ (1-5 + 3) ';—o(y‘;—w)? ] ' (3-29)
fhe correction fdr wﬁter—filled tubes is relatively small,
For this study:the bracketed term, which can be considered
as a correction factor for viscosity, is ,9936.

The attenuation of the_ﬁave along the axis of the
fluid~-filled unifbrm fube follows an exponential relation-

ship for axial length and is of the general form:

.%6 = exp (-k2 §) Lo | (3-40)

where k2 remains constant over.a large frequency range when

the fluid viscosity is low. For all conditions, though, k:
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is.a funqtion of the,wa;l.thickness to diametér.ratio, the
viscésity of the fluid, and the mechanical properties of the'
wall material., The data of both Klip(71) and Cox (36) shows
that the attenuation increases with incfeased wall_thickngss,
.as well as with incgeased viscosities of both the fluid and
the wall material,-ﬁutfremains eééentially constant over a
wide frequency range. Anliker, Histand, and Ogden have
" observed experiméntélly that the attenﬁatién of pulse waves
in the aorta of experimenfal animals fdllbws an exponential
o relationship at frequencies up to 200 herﬁz. Klip(71) has-
shown that only for extremely thick-walled tubés {wall
thickness to internal radiqg rétid = 1l,) and’ large
viscosities (1. poise and larger) does k, begin to deviate
significantly from a constant value.

The attenuation of the arterial pulse as predicted by
the linearized analysis does not describe the physiological
condition. The normal human arterial pulse wave shows a’
growth in amplitﬁde,'i.e., amplification, as it propagates
along the artery.

| It was previously mentioned that the dispersion of
the pulse ﬁave did not explain the observed changes as it
propagated along the aorta. It was then suggested that
reflections from periéheral site, preéumably a branch, or
or even the artefials as Remmington(116) proposed could.
-explain the contour changes. This explanation has not 5een

completély satisfaqtory.. One dimensional analysis, which
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fb%mulate the pulsé propagatién pgoblem in the nature of a
tapefed transmission line! potentially provides'a more.
accurate explanation for the amplification of the pulée as

it propagates along the aorta.

ONE-DIMENSIONAL SOLUTIONS

| - The integrated average impedance from the linearized
analysis furnishes a link between the linearized solutions
and the oné-dimenéional solﬁtions. The impedance, the
relation between the voiﬁme flow and the driving pressufe

g;adieht, is expressed as:

2= - ¢33 (3-41)
A common error which was seen.in early clinical literature
was to study the relationship between.the arterial pressure
and the volume flow(123). The error was that the pressure
gradient, the slope of the pressurg—distance curve, is
related to the volume flow, not the absolute'value of the
pressﬁre at one position. This has resulteg.in several
. studies requiring significant effort and unfortunately:
of little value. The relation between the stroke volume of .
the heart and the aortic préssure was one 6f the more common
relations that was formulated, . Cox(30) has experimentally
verified his calculations to show the value of using the
pressure gradient rathef than the magnituée.of the pressure

in determining the volume flow. He presented the relation

‘o ,,
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“for' the impedance versus the frequency as:

o 5

| ©  Figure 3-2°
“"-Relative Impedance versus Nondimensional Frequency

“-l.since almost all experimental data on the cardio-
** vascular system is gathered on a one-dimensional basis such
as the pulse wave velocity, attenuation or volume flow, the
‘one-dimensional solution provides a basis for comparison with
‘experimental data. Also, as has been noted, ‘the linearized
analysis is normally reduced to a final form 'of a one-
'dimensional answer, and yet it does.not effectively explain

-

éucb commonly observed phenomeﬂa as the amplification of,the.
"':'puiéé wave as it propagates periphérally. Tﬁg one-dimensional
'?:approach,,although lacking in the analytic éomplexity of the |
‘linearized solution has provided the means of obtaining .
"a solution which incorporates such things as taper of the

vessel, non-uniform wall prcperties, outflow .from side



branghes, and finite length sections(121),
| The basis of the one-dimensional approach is obtained
by taking an average velocity over the area of the tube:

27 R

N 1 .

o o

The continuity equatipn'caﬁ be written to include a source

or outflow term, ¢ , as shown in: '

&, sy % w=0 (3-43)

The momentum includes a term, f , for viscous friction or

other fluid force:

g.‘_’+v§_+l§2=f' . -4

" The relationship between the preésure and the cross-sectional
area of the tuﬁe is shown as:
A= A(p,x) , . ~ (3-45)

Rockwell has représénted the pressure dependence on'the

cross—-sectional .area as:

. _a. . p=p.
A(p,X) = Aoe Bx'exp[ 0.

] (3-46
pc® (p,x) | ) -
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The variation of the area with axiél distance was given by
Patel(105), while the relation between the area and the
internal pressure that refleéts the nonlinear aspect of the
wall material is a result of Histand‘s(G?) work.

The use of the method of characteristics to solve the
one-dimensional eqﬁations for pulse wave propagation in a
. fluid-£filled ﬁube has been effectively completed by Rockwell

(121) . He has shown that the amplification, and contour

. change are adequately explained with a one-dimensional ap-

proacﬁ.' Also this method can be used to investigate the
effects 6f nonuniform outflow, fluid viscosity, ahd transients
resulting from the startiné of a heart such as occurs in
‘cardiac surgery after a bypasé has been remo§ed.

The one-dimensional equations, which can be solved
.by the method of characferisﬁics, are also tenable with an
electric analog. The electrical analog represents the
momentum and the continuity equations in the following-

form(133):

-%=L%%-+Ri |  (3-47)
¥ oo +er (3-48)

The equations utilize the following analogies in the equations

of motion and continuity for a fluid-filled tube:

ase
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pressﬁre ~ voltage = E |

flow, velocity VA 4 current = ¢
inertance, p/A ~ inductance = L -
e . S (3-49)
resistance. = R.

resistance
v mro?

compliancé %%- ~ capacitance = Cp

leakage v conductance = G

The analbg providés'a'éapability of investigating the perfor-
‘mance of the interrelated factors as they are modeled bj
the analog. 'The accuracy of the model ih representing the

cardiovascular system is cbntinuall& opeh to speculation as
| with all models where the results are dependent upon the '
initial formulations and assumptions. ’ |

The one-dimensional representafion underlying these

studies can be used to explain the effects of changes in
impedance of the arterial system on the generation of
reflections, The reflection coefficient, that is, the ratio
of the reflected to the incident wave, is gifen by the
. relaiion(69): |
Ares _ - Z5

C = = .z( . . .

where cref is the reflection coefficient, 2 is the distal
impedance, and 2, is the proximal impedanqe. The identifi-
cation of the reflection coefficient from experimental data

is debendent upon obtaining.valﬁeg'for the magnitude of both



the réf1ected and the incident wave amplitudes. This is a
problem when the two waves are superimposed., As an example
of this, the procedure used in iﬁis study estiﬁated the
amplitude of the incident wave at the interface by knowiﬁg
the amplitude of the wave in the initial pbrtion of the
tube, épd the relation describing the attenuation. This is

shown below:

- ax b=
= )

Figure 3-3 Pressure versus Axial Position

Womers;ey in working out the effects of-adding a flow-
meter with rigid walls to the exterior of the artery |
obtained a relation for the reflection coefficient for a
finite length section with infinite elastic modulus. This

relation,'

Fef | e | (3-51)
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assumed continuous wave bropagation with section of length 2
(146) . No experimental data is presented to verify this
relation, but with the noteﬁ lack of co:relatioh beéween '
his predicted and observed phase relétionships for tﬁe
elastic tube, it is anticipated that this relation is to be

subject to some error in experimental verification.

FINITE DIFFERENCE SOLUTIONS

The analytic study of pulse waﬁe propagation can
potentially be performed with a finite-difference method.
The availability of high spee@ computers pro;ides the
capability of directly inpegfatihg the equations of motion
for the fluid and the surrounding tube., In this method
the problem can be described, using finite-difference
'algorythhs in place of differential equations. Wilkins
has developed a workable form of these algorythm; for
axisymmetric deformable bodies(;41).- fn setting up these
equations it is necéssary_to incorporate the dilitational
as well as shear deformation waves to account for the
eﬁtire spectrum of effects. This poses a restriction
on the s£ability of the solution and its role in limiting
the solution will be described below. The versatility
in varying matgrialiproéerties, lengths of tube, and formg
of 1oéding does present a potentially useful means of

treating wave propagation_along,fluid-filled tubes.,

oo
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There are several problem areas that are present in
the use of finite-difference schemes to obtain wave pro-
pagation in fluid-filled tubes. Solutions by finite-
difference methods are limited by storage capabilities of
current computing facilities as well as requiring long
computing times., One method in the evalnation of stability
criteria, reiates to the time necessary for a dilational
(compression) wave to progress across one zone of the
finite difference array' describing the fluid and the sur- .
rounding tube. 2Zone sizes .l inch and smaller require
that each iteration of the solution per wave propagation
in biological materials be performed for a real time
increment of.less than 1.6 microsecond. Smailer zone sizes
would likely be chosen for a realistic solution and would
utilize correspondingly shorter real time increments. The
solution of a complete problem for a.reasonably sized tube
requires thousands-of iterations of the problem, but most

4 or 105 iterations. Tne resulting

likely as many as 10 .
solution will use computer processing time in the order of
an hour or more for fast rising pulses, and short tubes.
Slowly rising pulses, such as the normally occurring..
arterial pulse wave, and long tubes, such as normally
occurring arteries will require multiplies of the

initial estimate of an hour. This necessitates an exten-

sive amount of computing time describing a single and
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unique physical system in which the physical parameters
have yet ‘to be precisely defined. Arrays of data require
multiples “6f thms expense.
Gunzes “fhe concIusions regarding solutions of pulse wave
SESpagatien with finite difference solutions are somewhat
ﬁegatiVe. Computational cost is extremely high which, . |
6{tﬁfalfinite.ﬁudget,:limits the solution method. The
methods used to ‘invoke economy into the solution will

EMEEfihité’IOSs of detail., The method is appealing in
Eﬁé% flnite-length sectlons can be studied, material
properties'ean be altered along the length, and arbltrary
pulse shapes can be used. it appears, however, that a
prapmatlc solution to the problem can be initially
examined on an experimental basis with the previously
develbped closed-form solutions to be used as a

tﬁeoretical basis for evaluating the results.,

.......



'CHAPTER IV
" EXPERIMENTAL INVESTIGATION

An experimental study was performed to investigate
the prdposed method for identifying hardened sections of
arterial walls, The method.used requifes.the genetation
of a singie short durétion‘pulse wave in an artery, then
measuriné its propagation with pressure and wall-motion
transducers. In the experimental study, a carefully manu-
factured rubber tube was used as a model of a diseased
artery. The pulse éeneration was accomplishéd with a piston
inside one end of the tube. In an in yivo'situation-the
pulse wave generated by ihpulsively displacing either could
be the exposed wail of the artery, or the skin surface above
an unexposed vessel, ‘The wave motion was recorded by
measuring the flﬁid pressure inside the tube and the radial -
wall motion outside the tube. The subject of interest, the
propagation in the near region of a hardened section, was
investigated more thoroughly than the surrounding regions.
The resuits'are-preéented in this cpapter, and deveioged in
Chapter 5, in a manner directed towards an enéineering.
viewpoint. Chapter 6 covers thé extension of these results
to the proposed implehentation of'a}élinical defection |

method for astptomatic:atherosclerosis.

-
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TUBES: Design and Fabrication

The tubes used in the experiment were fabricated from
20 durometer rubber with hardened sections using 30, 50 70 and
90 durometer rubber. All tubes whose resuits presented. here
were fabricated in the mold shown in Figure 4-1. This mold

produced identical tubes, 24 inches long with .875 inch ID

and a 1,000 inch}OD. The hardened sections were fabricated

in the three configurations shown in Figure 4-2.

The manufacture of the tubes with nonuniform material

in the wall required the development of a fabrication method.

The decisions on the size of the tube, and the position and
size of the nonuniform sectione of the wall resulted from a
combination of information from manufacturing problems, and
data from prototype tubes.

' Manufacturing of the experimental tubes was first
attempted with'a nmold using a .500 mandrel for the ID of the
tube} Fabrication of these prototype tubes produced a
nonuniform loading of the mandrel that displaced it from its
centerline position, Because of this wall thickness
variations about the circumference were observed to range
from .,030 inch to greater than .100 inch. The .500 inch
mandrel over a 24 inch length did not have sufficient
rigidity to produce a.uniform wall thickness tube. As an

example of how much force this takes, an unsymmetric loading -

"of 2,67 lb./inch along the mandrel would deflect it .025

inch in the center. This problem was corrected by fabricating
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Figure 4-1

TUBE MOLD AND MANDREL
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a new mold with a .875 inch mandrel that increased its .

. Elexural. rigidity by 9’4”times, thereby reducing the ob-

..8erved: circumferential variation in wall thickness. The

incorporation of nonuniform material the wall required care

in manufacturing, as well as some good fortune in the vulcani-

zation-process. The entire set of tubes was formed from a

variation in the samples. The tubes were fabricated by

wrapping thin sheets of rubber about the mandrel, then
,T_pressing in’ the mold and vulcanizxng with heat to form the-

tube. :The" nonuniform sections were added to the 20 duro-

.meter—unvulcanized tube by carefully replacing the section

..‘Aus

w;th that of larger durometer rubber. The tube and mandrel
.. were: . removed by prying open the external mold and lifting
..out . the- mandrel.”  The tube was carefully removed from the
mandrel by slipping it off one end.
: with the exception of the nonuniform wall thickness
with smaller diameter tubes, two additional manufacturing
. problems .were encountered with the vulcanization of the
'nonuniform ‘tube walls. The first problem encountered was
the . flowing of the interface between 20 durometer tube and
the softer rubbers (30 and 50 durometer). This flowing
produced dividing'lines’that ertended'up to several dia-
meters along the axis of'the-tube. The effect'of this lack

of axial discreteness between the different sections of

o "



the.tpﬁes reduced the probability of locating the axial
position of the interface., The effect of lack of definition
will be discussed in a followiné section, The ﬁarder~rubbers,
. 70 and 90 durometers, did ‘not always produce a good bond at
the interface. The two rubbers hgd a tendency not to join
around the periphery of the interface. Manufacturing
problems were overcome with care aﬂd multiple trials’ at
fabrication. With expense and effort involved in manufacture,
the tubes were selecteq to provide as complete an array of
nonuniform tube configurations as was possible within the
~ budget and time limitations of the study.

The placemenﬂ of the hardened section.was Qelected
in order that the effects of an isolatgd pulse'wave could
be studied as it propagatéd paét the'section. It was
necessary to have'the seqtion far enough from the pulse
generating piston to allow the pulse wave to form completglyj_
and for the axiai wave to separate from the pulse wave,
The hardened s¢Ction was as close as possible to the piston
so that the pulse wave would retain the generating contour
throughout the section of interest, From these considera-
tions, the leading edge of the section was nominally placed
at 10" from the piston face., - | '

The mechanical properties‘of the vulcanized rubber
tubes was determined by the proceduré described in detail

in Appendix E. Table 1 gives the results of these tests,

oo
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Durometer . Eg ' By B |E* |
" 125 hertz)
20 127.1 : 15,.6* 128,1
30 385 40,6 . 388
50 662 106 - ' " 688
70 2080 543 2145
90 3295 1359 3590
Table 1

Dynamic mechanical properties of rubber samples
used in experiment

- ‘EQUIPMENT AND EXPERIMENTAL PROCEDURE

Tﬁe equipment was designed to generate a pulse wave
at one end of a fluid-filled tube, .and to observe its pro-
pagation as it passed a hardened section of the tube. The
tube, filled with water, was ﬁounted in a'tank of water
which was necessary to pfgvidé a low-los;'medium for the
operation of the ultrasonic mdtion transducer. A tube
hoider at one end of the water tank acted as the cyiinder
for the pulse-generating piston. The tube holder inside
the tank contained a éort into the center of the tube to
allow ﬁressurization of the fluid within the tube, and was
designed to'positibn the pressure transducer along the axis
of the tube. A single pﬁlse wave was generated by driving
the piston with a modified electfomagnetic shaker which was
in turn driQen by a waveform generator through the.power
_ampiifier of the shaker., The motion and pressure transducers

were movable along the axis with the use of a three-axis
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ﬁééitioning carriage mounted to the top of the water tank.
bata“from the pressure anq mothn transducers was recorded.
with a triggered storage oscilloscope. A more completé
description of the equipment and the experimental procedure
is given in Appendix A. ' |

- The description of a single pulse pfopagating along
a fluid-filled tube was obtained by using a large number.of
identical single waves, each time repositioning the trans-
ducer along the tube axis. Radial wall motion about the.
circumference was observed by rotating the tube on the tube
holde;s. While recording radial motion, the préssure .
-trénsducei was uséd‘és é mohitbr to maintain uniform pulse

amplitudes.

TRANSDUCERS

The pressure transducer, a Konigsberg p-19, with a
’.196 inch diaphpagm was mounted at ghe end of a 27 inch long,
.250 inch diameter tubé for positioning along the axis of
the tube. - | -

The radial position of the center of the pressure
transducer diaphram was preset fo vary less. than ,020 inch
from the axis of the tube,. Thisiciose éontroi'was not
necessary, however, as Atabeck and Lew(9) ha§e shown that
there is essentially no radial variation in the fluid

pressure for pulse waves.
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L The wall motion transducer, a phase-lock ultrasound -
device, was developed as part 6§ this project and is
described in more detail in Appenéix C. Its frequency
" resolution and amplitude sensitivity make it particularly.
suited for potential clinical or experimental work., It will
resolve.displacemenﬁs of .0003 inch and will follow fre-
queﬁcies up to 100 hertz, Ité.use requiréd placing‘the tube
in a wate& bath to pr&Qide'a low loss propagation medium .
for the ﬂltrésound Beam. The effects of this exterior watef
bath on the propagation parameters of the pulse wave are
discussed in Appenﬂix B. ‘ _

In general, éﬁe external water bath produces an added
mass of fluid moving witﬁ the tube. For the conditionS'of
this experiment, the effeét of.the added mass reduced the
propagation veldciiy by 24,.4% from that calculated for the
free tube. The viscous effects of the exﬁernal water bath o
ﬁnd the compressionai wave in the fluid Qere found to be

insignificant.f

THE PULSE WAVE

An‘initiél‘portion of this étudy'was devoted to the
- selection of thg type of wave to be used. The three axisym- -
metric directions, radial, axial and qircumferential have |
been used to describe the motion of propagating waves,
There are three different axisymmetric waves whiéh have

major components of motion associated with each of the three
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&xes,,_ihese waves are coupled throhgh Poisson's ratio and
each.one produces motion along all three axes. The wéve
associated wifh motion primarily in the circumferential
direction is called the ﬁorsional wave and its propagation,
‘characteristics are principally determined by the shear
dependent properties of the tube wéll'material. The wave
~associated with motion.primaril§ in the axial direction is
called an axial wave and its propagation characteristics are

principally determined by the volume compressibility
..characteristics of the tube wall material, The wave asso-"
ciated with motion in the radial direction is called the
pulsé wave and its propagation chafacteristics are determined
by elastic properties of the tube wall, the prOperties of
the fluid, and tube dimensions. The use-of the term pulse
wéve is to provide a direct analogy between the biologically
observed pulse.wave, and the axisymmetric wave present in
the fluid-filled tube. |

The choice of thch of the waves to eiamine and its
method of generation were considered as being important to
the study. Both the axial and torsional waves were
considered initially because their propagation is not
“dependent upon the‘dimensions of the tube as is that of the
pulse wave, However, the limited possibility of being able
to nontraumatically generate or measure either axial or

“torsional waves plus the unknown influence of tethering of

g
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the arterial wall to the surrounding tissues makes them,less
useful than the pulse wave. The pulse wave, which propagates
at the slowest velocity of the three waves can be detected
with instrumentation of lower maximum frequency response
than for the faster propagating axial and torsional waves. .
‘The available instrumentation; transducers.for fluid pressure,
and the prototfpe phase-lock ultrasound transducer for radial
‘'wall motion, provide their éreatest response to the pulse
wave because these are the two quantities that have their
maximum variation with the pulse wave, '
In addition to the choice of the pulse wave, it is
“necessary to consider using continuous waves or single
pulses. The continuous wave can be used because it provides
a direct correlation between theory and experiment for
linearized solutions and lends its results to the use of
fourier series analysis of complicated‘wave forms.  The
continuous wave can be-generated.exnerimentally with readily
available equipment. However, there are somexdisadvantages
" to the use of continuous waves: the wave speed must be
determined from a phase difference of two wave forms. In
the absence of reflected waves accuracy better. than 1% of.
a cycle would require sophistication not likely to be pos-
sible when applying the results to the’cardiovascular system,
Reflected waves are interpreted from contour cnanges. Long
tubes are necessary to eliminate extranneous reflections,

And, all waves which are generated;are superimposed. As an
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alternative, single pulse wares are seen to have several
advantages  over continuous waves: reflected waves and the
different types of waves which are generated can be
" isolated by their different time and space relationships..
The wave speed is obtainable from the arrival time of a
characteristic feature of the pulse wave. Short tube
lengths can be studied. And,'the resultsifrom continuous
wave theory provide a.fundamental theoretical background_
for interpreting the results. The disadvantages associated
with singie pulses are that the frequency response of the
instrumentation must be slightly higher than for eontinuous.
waves, and that arrags of time and space data require
mnltiple transducers with a single pulse, or single trans-
ducers and multiple repeatable'puises. In evaluating the
use of the single:pulse versus the continuous wave, the
single pulse was chosen because it can be‘isolated and
directly observed in finite-length segments.
The pulse wave has several significant characteristics,
‘The pulse wave which is identified with the predominant
radial deformation may be called a bressure pulse because
it can be identifiea with a pressure transducer in flqid.
Its propagation'is assooiated with'the largest amount of
fluid motion of the three propagating waves in the tube.
- The axisymmetric generation of the pulse wave also generates

an axial wave, In studying,only the pulse wave their

-
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sﬁperposition can be shown'to.produée measurable errors in
the observed data. These effects of superposition haﬁe been
shown to be an increased centerline pressure and a décreased
radial motion. The axial wave, which propégates at a higher
velocity than the pulse wave,‘caq be seen in Figure 4-3 to
have an associated small pressure Qavé when separated'from
the pulse wave. This small pressure component of the'axial
wave has not been previougly identified in continuous-ﬁave
'experiments. In addition to the presence of an axial wave,
the rise time of ﬁﬁLpulse is related to the production of a
dip or constriction at the leading portion or foot of the
wave; This constriction isza resuit of bending in the wall
in the axial direction. It was most apparent with shorter
rise time pulse waves which have shorter 'wavelengths and
hénce, increased axial bending. It was not observed with
pulses having rise times héar the normal arterial pulse wave,

The identifica#ion of the significant features wﬁich
can bé used to charactériée the single.pulse wave and its
propagation along the tube must be cénsidered in relation
to the deviations -which occur at the foot of both the pres-
sure and wall motion components, Because of the axial wave
observed with the pressure tranéducer, and the leading
‘constriction observed with the wall motion transducer th%w»«r~w~;:
peak rather than the foot was chosen as the charaéteristic

'feature’of the pulse wave. 'The peak of the wave is

-



Pressure

63

A

ﬂ \ /
\V/
.050
time, sec
FIGURE 4-3

- PRESSURE PULSE WAVE




, 64 ‘
associated with the group. velocity and provides a repre-
sentation of the energy present.in the wave. éoth Kyle (70)
in a digitized analysis of the puise wave, and Hale gg gl.

' (51) in the construction of an electronic pulse-wave |
identifying instrument have confirmed the use of the peak
in producing statistically more significant information

than other features of the wave.

The pulse wave used in the study was generated by :
producing a half sine wave with the piston at one end of the
tube and alloWing the returning motion of the fluid to create
the second half of the sine wave, Only the rising portion
of the pulse wave from the foot to the peak was used in
studying the prOpagation'characteristics. The trailing'
oscillations in time and space were not investigated. The
length of the rise-time of the pulSe‘was kept as short as

possible within the praoticality of producing a clean pulse
| contour which was determined by the elimination of rebound
when the armature returned to the stop. The use of maximum
power from the amplifier for the electromagnetic shaker did
not reduce the rise time'by more than 2 millisecondsf In
attempting to reduce the rise time the piston was hollowed
for lightness but the armature weight of 2,6 pounds in .
the electromagnetic shaker dictated that further lightening
procedures would be of negligible ualue. This configuration
produced a uniform pulse with a rise time of 10 milliseconds,

approximately an order of magnitude shorter than the rise
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time of 10 milliseconds, apﬁroximately an order of magnitude
shorter than the rise time of fhe normal arterial pulse wave.
The total wavelength of the sine wave was-approximatelﬁ 6
inches long, and could be contained witﬁin the 1ength_of the
fube without the presence of superimposed reflections. This
is in contrast to the arterial system Qhere the pulse wave -
length is approximately 5 times_thé length of the body and

does not allow the observation of reflection-free pulses., .

- PROPAGATION VELOCITY: ' Arrival Time

The first feature noted about the propag;tion
characteristics of a single pui#e wave in a fluid-filled tube
is that if the geometry of the tube is constant, and the
material properties of the tube wall are constant, the wave
vélocity is uniform aléng~the axis of the tube. Figure 4-4
shows the axial position versus the time of arrival for the
- uniform 20 durometer tube. The straight line is a linear
regression of the arrival time versus the axial position
and gives a wave speed of 226.6 inches/second. This can be
used to calqulate a standard error in the observed arrival
tiﬁe of less than ,.300 milliseconds fér the experimental data
by assuming the tube to be uniform. This provides a guide-
line for the later expériments with tubes having hardened
sections, Distance measurements were held to increments as
'short as .200 inches which allowed the time of arrival to

" be determined to a significance level greater than 0.95,
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s The presentation of the data representihg the.pro-
pagation velocity has been done.in terms of arrival time of
.the pulse wave at each axial position rather than the'local
" velocity. The velocity, when obtained by differentiating'
the experimental data over short distances, amplifiee
experimental errors; To reduce the error in the final result.
an expected value of the propagation velocity was computed
from a 1arge ‘numbexr of data points. using the statement of
uniform prOpagatlon velocmty with distance. The linear
regression of the values of the arrival time and axial
position will_proﬁide a means of estimatiog the propagation'
velocity. This velocity obtained from the regression'can
be used to calculate an expected arrival time in examining
the statistical validity of the data. The difference between
the estimated arrival time and the experimentally observed
arrival time is a useful parameter in describing the "local
_conditions which result in an altered propagation velocity.
This difference in observed arrival time compared to the

expected arrival ‘time is expressed in the parameter TMD as:

TMD = t(x) -t (x) . (4-1)
t(x) = expected arrival time

g (x) = experimentally observed
arrival time

Figure 4-5“shows the parameter.TMD for the uniform
tube including data from both the centerline fluid pressure

and the radiai wall motion. The data from the radial wall
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motion is presented here in the farm of average values Qiﬁh
standard deviations obtaiﬁed frdm measurements in the"
arrival time of the wave taken about the circumferencg of
the tube. The values for the wall motion have been plotted
as mean values with one standard deviation ‘indicated at |
each position, ' The value of one standard deviation is
shown by the dashed line for the pressure wave. The data
from the pressure Qave has a standard error of .3 milli-
seconds from the expected vaiue. The wall wave shows some-
what more scatter having a standard deviation at each axial
_location of slightly less than .5 millisecond. Both the
pressure wave and the axial wave provide an accurate estimate
of the puise wave, the wall motion having somewhat more

variation than the pressure wave.,

Attenuation

In addition to the propagation velocity of a pulse wave,
it is necessary to know the nature of the attenuation with ‘
‘distance. For the uniform tube the pressure pulse is shown

to obey the exponential relation:
P(x) = Pe"™ . - ~ (4-2)

where n is a negative real number, Figure 4?6'shows the pulse
wave amplitude versus the axial position., .The calculated
exponential decay is shown with the curve. Knowledge of éhe
form of the attenuation is neceséaxy for obtaining quanti-

tative results from changes in the-pulée wave contour and
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_emplitudew When the reflected wave is superimposed upon
the incident wave the use of the normal -attenuation provides
a means of estimatlng the amplitude of the incident wave,
By separating the incident from the reflected wave, the:
‘reflection coeffzclent can be obtained. The £fluid pressure
-has been used for calculating the attenuation of the pulse
wave., Radial wall motion, which is related to the fluid
pressure, can also potentially'provide data for use in the
calculating of the attenuation but as will be shown later,
.the wall motion is more variable and not as accurate as the
pressure for calculating attenuation. The centerline pres-
sure, is a combined effect of the everage motion of the wall
and is more suitable for calculating parameters relating to
the attenuation., Radial wall motion is subject to variations'
‘about the circumference that contribute larger uncertainty
in the result than is present with the fluid pressure.

. The data from centerline pressure can be used to .
compute a parameter Rfc, which is calculated from the
experimental data and the attenuation'relationship. The
exponential attenuation is linearized by taking the
' locarithm of equation (4-2), |

1nP(x) = 1nP, + nx (4-3)

The unknown constants, Po and n , may be determined by a
regression analysis of the transformed experimental data.

This method was used to obtain the exponential curve in
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'Figure 4-6. The parameter RFC is ‘then calculated according

to the relation:

P (x) - p e*
. REC = _8 0

- (4-4)
Poenx . -

Pe(x) = experimentally
obgerved pressure

Figure 4-7 shows~the values of RFC versus axial position for
the uniform tube. In tubes with hardened sections the
reflection coefficient is the maximization of RFC at the
1ead;pg edge of the section. Two regions of thé uniforﬁ tube

" can be idéntified frdm ﬁhe Valﬁes of RFC in Figure 4-7; the
region ﬁear the piston face, and the remainder of the tube
distal to this region,

In the regioﬁ near the piston the axiél and pulse
waves are superimposed. This near-piston.region extends from
the piston to the point where the axial wa?e has separated 
from the pulse wave. This can be determined by calculating

- the respective velocities of the axial and the pulse wayes;
.In this region the axial and pulée waves are genérated
simultaneously, and the centerline pressure-is observed to
be elevated above that which is éxpected for a pulse wave
propagating along a uniform tube. This increase is seen

by the values of RFC being approximatél& .05 one-inch from
the pigton, and decreasing with distance from the piston as

the two waves become separated. - T
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. The use of an aXisyﬁmetric model for the tube wall forms
the basis for attempting to uée the radial wall motion to cal-
culate the parameter RFC, That this could be done wqﬁld be -
the potentially valuable result of caléulating the'refiectiQn
.coefficient from ra@ial wall motion with at least the same
accuracy as using the centerline pressure., Two factors,
“however, preclude the use of radial wall motion for directly
relating the centerline pressure to the-fadial wall motion,
.and its use in calculating the reflection coefficient, First,
the geoﬁetric values, the mechanical properties, ;nd the
pulse freéuency are necessary to accurately relate the
centerline pressure to the radial wall motion. Second, the
éxperimentallyfobservéd variability in the radial wall motion
about the circumference is sﬁfficiently iarge so that the |
calculated values from r#dial.wall motion are not as
statistically significant as the values from the éeﬂterline

‘pressures.

RADIAL WALL MOTION: Normalized and Nondimensional

' In'qrder to obtain a relationship between the center-
lihe fluid pressure and the radial wall motion, a non-
diménsional quantity RHP was formed., It will be seen that
the variability in thé radial motion is accounted for by
using the mean value of the radial motion in assuming
'axiéymmetric deformation. The analytic relations for the

4

radial wall velocity and the centerline pressure as derived
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by Atabeck and Lew(9) form the'basis for this quantity.

The expression for the radial veiocity is:

Ag ,.r Mo (x/a) B
v, = o il + — J &) ] exp[iw(t-X/c)] (4-5)

ihe expression for the pressure is:
P = A expliw(t-x/c)] o (446)'

The rate of change of pressure is:

%g = iwA expliw(t-x/c)] ' (4-7)

‘The ratio of the radial velocity to the rate of change of -

pressure ¢t r=a is:

v .B_ .J;(G)

575E = Eow 1 ME T Ta,T e

The nondimensional parameter RHP is 'taken to be:

Jila, ) '
‘—7r’ "%-’ 1+ mg——rgoy! (4-9)

. The radial velocity is replaced by the average of the radial .
displacements about the circumference of the tube, and the
rate of change of pressure is replaced by the amplitude of

the pressure pulse. The parameter RHP is calculated from: .

1
N'E:Ur(x'e)max cow -
RHP (%) = [=—pr— ] (=) (4-10)

- '
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The evaluation of the term

Ji(a ) . :
m 2 y
. aoJola ) !

o
under the conditions of the experiment yields:

Ji(a)) . ' L
ngZE:TE;T— = =-,0247 + 7 ,0258
This was taken to be small in relaéion to 1.0 and was hegiected
in the evaluation of the parameter RHP. Figure 4-8 shows the
variation of the parameter RHP with axial -position for the
uniform 20 durometer tube. The standard deviation of RHP is

plotted about the average value and is evaluated asél

o (RHP (x)) = 205 () (S2Y) (4-11)
' Lo TPy VR

RHP is calculated to .have an expected value of 1.0 for the'
'uniform tube, |

The region near the piston was observed to have avvalue
of RHP of approximately .85. In the section extending f;om
the piston to whgre the axial and pulse waves were separated

RHP showed a rising trend to the expected value near 1.0,

GENERATION REGION: Superimposed Pulse and Axial Waves

The generation of a single éulse wave in a uniform
tube is accomplished with the simultaneous generation of an

axial wave., The axial wave propagé&es'approximately three
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times faster than pulge wave Ahd thé two waves become ade-
quately sepaxaped after about 5 inches of travel. This
-generation region has been idéntified by_mgasurement# of
axial and pulse waves as well as deviations in the expected
values of the quantities RFC and RHP, The coupling Setween
the axial and the pﬁlse waves is a result of Poisson'é ratio
.for the material properties of the tube wall, The separation
of the two waves has provided é greater accuracy in the
. calculated values of RFC and RHP in explaining the significance
in deviations of pfessure and wall motion in the generatioﬂ
region., _ . ﬂ |

| The effective separation of the axial and the pulse
waves is aéhieved 5 inches from the piston face. 'Figure'4-3
shows the arrival times of the coupled axial wave and the
pulse wave 6 inches from the piston to illustrate their
sepa;ation in arrival time at this distance. The axial wave
-in Figure 4-3 was identified by positioning a second moﬁion
transducer to record the axial motion of a target attached
to the'tube wall. The attenuation of the axial wave is
léxge-enough that ‘it does not produce significant effect in
the pulse wave recordings after the waves have initially
separated., This is confirmed bﬁ studies of Anliker and
Moritz(7) where they experimentally observed the attenuation.
of axial waves in exposed canine arteries. When v;lues of
'their étxenuation constants are applied to the parameters

of the tube used in this study, théy predict that the axial-
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wave will decay to produce a ceppléd centerline préssufe'ofr
less than 1% of the original amplitude in propagating the
length of the tube and back to the hardened section, ihe
data of this experiment has confirmed this in showing'that
‘the ax}al wave is not observable upon reflecting from the
ferminal'end. The propagation velocity was experimentally
determined to be 885 inches/second for the .875 inch ID 20
‘durometer tube. Anliker and Moritz(7) observed that the
axial wave speed for the éarotid artery of a dog is 910 ‘
inches/second and Van ciéters(l37) stated that the axial wave
.traveis about 30 mefers/secénd'(llSO inches/second) in a
fluid-filled rubber tube. Van Citters also observed the

coupling bétween the axial and the pulse waves (137) .

RELATIONSHIP BETWEEN WALL WAVE AND PRESSURE WAVE

One of the interesting points cbncerning the relation
between' the pressure .wave and radial wall ﬁotion is at the.
foot or leading portion of the wave, Figuré 4-9 shows the
:comparison between pulse waves from centerline fluid pressufe
and the radial wall motion. Thg'gain of the oscilloscope
has been adjusted to produce pulses of nearly‘eqﬁal amplitude
for éomparison of similarity of wave contour. At the fbot‘
of the wave the centerline pressure is increasing as asso-
ciated with the axial wave, while at a iatef time difference
of 3 milliseconds, Ehe radius is_seen to be constricting.
Neither the timing of thé,gxial wave and henceits axial

- position,; nor the‘inherent‘backgrdund noise of the phase-lock
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transducerveffectively explain the occurrence of the slight
contraction preceding outwardhradial bulge of the pulse wave.

The supporting evidence for explaining the existence
of a constriction ahead of the pulse wave comes from the
shell theory developed by Hermann and Mirsky(6l) . Their
approach to the extension of the shell theory is to use an
‘analogous approach for cylindrical shells that Mindlin(88)
used for flat plates by incorporating rotery inertial and
.vertical shear, Professor A. F. Emery has developed the
necessary Lagragian code to solve the relations developed by
Hermann and Mirsky(6l)., For a test case a step change in
pressure was propagated along an empty tube at the character-

istic velocity, C, . Figure 4- 10 shows a plot of the radial

o
position at one instant in time. The wall is seen to exhibit’
a negative radial motion immeciately ahead of the pressure
wave which produces a corresponding positive radial motion.,
‘The tube wall develops bending stresses in the axiel direction
which do not allow the wall to directly follow the pressure
wave contour, but develops a contour where the bending’ |
stresses'produce deformation that extends beyond the limits

of the pressure pulse. The verification that the axial
bending accounts for the constriction is not as strong as if

a more ccmplete analysis had been followed, but the results
~are within the range'of the experimental results whereas the |

explanation of either the coupled axial wave, or the equip-

" ment noise does not. This evidence would lead one to consider
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the development of analyticarepresentations of the vessel
wall incorporating rotary'inertia and vertical shear in cases
where the frequency of consideration is above 25 hertz.
Mirsky (89) has solved a portlon of this problem with.
1inearized representations of the vessel wall for frequencies
Aup to 10 hertz. It appears from these observations that the
effects of rotary inertia ano vertical shear are significant
at higher frequencies and should be included into wall models
where these effects could be significant. Mirsky(83) did
not present information on the,attenuatron coefficient, which

_it'apbears would provide an interesting study.

NONUNIFORM TUBES: Hardened Wall Sections

The specific subject area of this study was the pro-'
éagation of a pulse wave past a hardened section of a fluid-
filled tube., The configuration shown in Figure 4-2 was
specifically selected to be studied in addition to the uniform
tube. ‘As was noted previously, all tubes were fabricated -
:from ‘the same tube mold making all tubes 24 inches long. with
a uniform +875 inch ID and 1. 000 inch OD. The tubes were
nominally fabricated from 20 durometer rubber with hardened
sections from 30,50,70 and 90 durometer rubbers. In the
first section the proximal interface wi}l be discussed;
then, the next section will discuss proximéi ana distal
interfaces in producing a finite length axisymmetric segment. '
The final section will cover'finite‘1ength'nonaxisymmetric

Segments;.
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Single*lnterface

The joining of two tubes_w;th walls»having.differept
mechanical properties was used to study the proximal {nﬁe;—
' face of an axisymmetric séction. Figures 4-11, 4-12, and
4—13.sh9w the comparison of the respective quantities TMD,
kFC,~and RHP along éhé axis for 20-90 apd_20-50 tubes., The
posi£ions of the interfaces are shown in each figure, being .
10.5 inches for the 20-90 tube and 11.0 inches for the.zo-sb
tube. - | ' ) |

Figure 4-11 shows the comparison of TMD versﬁs axial
position for a-20-§0_and a 20-50 tube, The higher velocity.
of the pulse wave iﬁ the hardened section is shown by the
increasingly negative values of TMD in the hardened section.
The steeper slope of 20-90 curve compared to the 20-50 curve :
in the hardened feéion shows the higher p;opagation velocity"
with tube walls of hiéher elastic modulus. Both curves show
'a.slight peaking of fMD one diaﬁefer'proximal to the inter-
face. The 20-90 curve is greater than 2 milliseconds while
the 20-50 curve is .85 millisecondét Both peaks are
statistically signiﬁicant with'Soth the 20-90 curve and the
20-50 curve at the 99% level, This peaking shows a slight
deceleration, with the eétablishmeﬁt of an increased
pressure gradient to propagate the waﬁe along the hardened

section,
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‘”/, ?igure 4-12 shows RFC versus axial positioﬁ.for’the '
20-90 tube and the 20-50 ﬁube..'The-increased proximal-
impedance of the 90 durometer tube produced an increaéedh
value of RFC over the 50 durometer tube. _

Figure 4-13 shows RH? versﬁs axial position for the
A20—90htube and the 20-50 tube., Both tubes show a significant
decrease in RFC in the hardened region. The change from
thevexpected value of 1.0 océgrs over a one diameter axial
lenéfh for both tubes., Fér each tube, the change in RHP

. occurs proximal to the interface of the hardened region,

- Axisymmetric finite-length section:

.A-hardehed section approximately two diameters iﬁ
length was chosen as the model for a finite-length section.
.Figures 4-14, 4-15 énd 4-16 show the comparison of a 90 duro-
meter and a 70 durometer section using'thg variables TMD,
RFC, and RHP., _ )

. Figure 4-14 shows the quantity TMD for the 90 and 70
. durometer sections. Both show characteristically simi;ar '
‘curves with a decrease in TMD across the hardened section.
Tﬁe change in TMD for the 70 dgfometer section is 7.3 milli-‘
seconds and for the 90 durometerjséction it ié 8.4 milliseconds,
After the distal interface of the 70 durometér hardened
section there is a decrease in TMD of.élightly'greater t@an
1l mil;isecond. This wbuld imply a slightly higher pro-
pagation velocity in thi§ regioﬂ which most ‘likely results

from a slight chahge in the mechanical properties of that
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portioh of the rubber tube.~.Extreme cafe in fabricaﬁing the
tubes eliminated the major source of these anamolous effects.
The tubes with lower durometer ﬁafdened sectioné, which
. tended to flow along the axis were excluded because of the
difficulty of defining the interfgqe and in produéing tubes
with propagation velocities changing over distances several
diameters. in length. | ‘ |
| Figure 4-15 shows RFC versus the axial position for
the 20-90-20 tube and the 20-70-20 tube. |

The 90 durometer section pfoduces a slightly larger
reflection'coefficienf than the 70 durometer section, but
the two are nearly identical. . |

Figure 4-16 shows'RHP'versus~the axial position for
the 20-90-20 and the 20-70-20 tubes. The axial position
of the proximal and distal interfaces can be identified
to within 1. diameter with greater than 99% certainty.
The more rigid 96 durometer section showed negligible
motion, and thg'70 durometer section produced some motion

-although in the mean it was negligible.

Nonaxisymmetric finite-léngth section

The nonaiisymmetric hardened sectiqn was the model
propoéed to have.the.closest similarity to an atherosclerotic
plaque. The single-interface tube and the axisymmetric |
sections established the form of the results., The array of

the~m¢chanica1_properties'of"the'hg;dened sections is given
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and the sectors of hardening’ébvered,the’range of proposed
samples and the results are given for all samples in
Appendix F. 'The 20-30-20-120° section and the 20-90-50-120°
" sections were selected fof comparison and discussion in this
chapter, .

Figure 4-17 shows TMD versus axial position for the
nonaxisymmetric hardened sections. The 20-36-20-129f section
produces a chahge in T™MD of 2 milliseconds while the
20-90-20~120° secti&n is greater than 3 milliseconds, The
20-90-20~-120° tube shows a gradual shift in TMD to -4.5
.milliseconds after the section. This~variation}ih 1l milli-
second along the length of the tube is a 1% error in total
tiﬁe, showing how changeé'that occur with the propagafibn
controlling parameters can affect the interpretation of the
results. Being aware of this type of errqr'ig necessary
fgr interpreting.thé.résults'and making judgments regérding
‘them.’ The small changes in arrivél time which are caused
by small changes in local mechanical.properties”of the wall
require that the method of estimatiqg the arrival time be
accurate to less'ghan a ffactiog of a millisecond.

The paraﬁeter RFC is shown ;n Figﬁre 4-18, The’
reflection coefficient fér the 20-30-20-120° tube is estimated
to be .05 and for the 20-90-20-120° tube to be .12, The
‘development of.a detection technique incorporating the
calculation of a reflection coeffig}ent would ke limited

‘to large changes in the elastic moduli because reflection
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96 ' .
coefficients below .06 or .07 would not be statistically
significant in the presenee of qbeerved variatiens in puise
amplitude. The 20-30-20-120° tube has a reflection coef—i
" ficient that is definitely‘detectible with experimentai tnbes,
but in naking a priori judgments from recorded data, one |
must'have a larger reflection coefficient.such as is shown
with the 20-90 20- 120° tube.

Figure 4-19 showzng RHP versus axial position illus-
trates the accuracy with which radial wall motion can identify
the proximal and distal interfaces of the hardened section,
The two sections were slightly greater than one-half inch |
- apart in spacing as'plotted showing that this difference
was indicated. There“wasAsome.increase in nonaxisymmetric
motion of the wall from the nonaxisymmetric plaques as
indicates by the'lerge standard errors in the motion distal
to the section. A correlation of this observed increased.
motion relative to the plaque location was not observed.

The discussion*of these results is covered in Chapter 5 and
the extension to a proposed diagnosfic technique for pre-

symptomatic plaques is covered in Chapter 6,
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CHAPTER V

EXPERIMENTAL RESULTS

The results of this etudy can be evaluated from a
Astandooipt of an engineer examining pulse-wave propagation
along a fluid-filled tube or of a physician attempting to
extend these results to the f&turewdevelopment of a diagnostic
technique for arterial dioease. It is assumed that an eﬁgineer
in examining pulse wave propagation is able to measure the
 necessary quantities; wall motion, fluld pressure, mechanical
proPerties,of the wall material, and the dimensions of the
-tube ana.the hardened section. However, because of the
limited data which will probably be available to the physician
and the different final use of the data, it is felt that the
clinical aspects of the results may best be treated in a
separate chapter,

.The experimental study has produced two baeio types .
.~of results. The first was associated with the assembly of
the equipment, the manufacture of the ekperimentallrubber
tubes, and the conduction of the-experiment; ‘The second
refers to the data which were obtained from pulse wave
propagation along tubes with hardened wall sections.

Chapter 4 discusseo these first two points, and this

chapter will cover the integration of these results from an
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enginéering vieprint. Chapter 6 will consider the results
in terms of their extension to the future clinical application

for the detection of hardened section of arterial walls,

PROPAGATION VELOCITY

The manifestation of the prqpagation velocity is that
the pulse wave moves in time along the axis of the tube. The-
recorded data from this is not velocity directly, but the;
paired values of axial_location and arrival time. The velocity
may be determined from either forming a difference relation
or fitting a cprve'df velocity as a function of position to
the data. With uniform tubes, which have a éonStént pro-
pagation vélocity»along their length, one can détermine.the
velocity of the wave with a linear régreSsion of arrival
time and axial poéition. _The particular aspect of the velocity
that was of interest in hardened £ubes was that the veloéity -
changed abruptly.at the axial location where the mechanical
properties of the wall were &ltered. This abrupt change was -
of interest in localizing the hardened section, and because(
of the limitations on the accuracy of the data the use of a
difference relation in determining pulse wave velocity.was
eliminated. The errors associated with using'the diffgrence_j.

relationship;
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vV, . = —_E._2 ' (5-1)
1'2 t - N . ) :

\' = velociéy'from lto 2 -
1,2
x1 = position of ith section

ti = time of arrival at X,

were large enough that statistically more .significant infor-
mation was determined from the linear reéression technique.
- The result of the regression as defined by the linear equa--

tion relating the arrival time to the axial position, X

ta = to + Ix . , : (5-2)
| ta = arrival time

to = initial time

§ = reciprocal of velocity

This equation may be used to compute ghe expected arrival
time both over region of the regression and at points past
the last experimental data point used in the regression,

A standard error, which is analogous to a standard deviation,

is computed over the region of tﬁé linear regression to

determine the statistical relevance of the data. This is
"done by using the célculaﬁed arrival time as the expected
value. With uniform tubes the technique yielded standard

errors in arrival times of‘lesg than .3 millisecond from
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the expected times., When the ;inear equation is used to
‘.estimate the.arriﬁal ﬁime past the last experimental data
point of the reg?ession, the statistical significance of
variations in arrival time can be deée;minéd. The quantity
TMD is used for this estimate. TMD is calculated at each

axial position:
TMD (x) =.te(x) -, £y (%) - : (5-3)
' te(x) = experimental arrival

time at x

ta(x) = caiculated arrival
time at x

The expected value of TMD is zero for the uniform
tube, ‘Therhardened section, with_a higher propagation velocity
willlhave an arrival time that is less than the uniform tube,
and TMD will become négative in this region. Figute 4-14, for
a 20-90-20 tube, shows that along the uniform portion of the
tube»T&D is near'zerg; in the hardened section TMD deviafes
_lineaply with distance implying a constant but different
velocity from the uniform portion of the tube; and in tﬁe
distal portion with uniform properties, TMD is parallel tq
the expected value of zero, but offset depending on the time
shift through the hardened sectioﬁ. No significant effect
on pulse wave Velocity with superimposed axial and pulse

wave velocities was observed in the region near the p@ston.

o .,
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"'The relationship'between thelpropagation velooity and
the euerage elastic modulus of the hardened section can be
represented through the elastic modulus ratio, EMR, which’
.is defined: |

L I (5-4)

C = =2 ‘ (5-5)

The averaging of the .elastic modulus about the oiroumference
is represented by EMR over a range of 0, to 1,0 for.hardened
sections with EMR decreasing with the increase in the average
elastic modulus of the wall.

For the experimental tubes that were investigated,
Figure 5-1 shows the value of TMD versus - the Elastic Modulus
Ratic., The curve which is shown has been calculated with

the following relationship.

A% Ax ' ' ‘ _
o = gk - g ~ (5-6)

The data shown includes both axisymmetric as well as non-
axisymmetric sections. This shows the increased value in |
the magnitude of TMD with a decreased“elastic modulus ratio.
The limit of the curve at EMR = 0, is Ax/co « The .experi-

mentally observed values of TMD can be used to estimate the
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elastic modulus ratio for the hardened section within the
limits of the accuracy of the data, here heing to within one
millisecond of the -expected values, o

' The reéresentation of the propagation velocity with TMD
has been shown in Chapter 4 using.both radial wall motion and
centerline fluid pressure. The wall motion and fluid pres-
sure can furnish information which is sufficiently accurate
to estimate shifts in TMD of greater than 1 millisecond. The
variation in the wave about the circumference of the tube as
obtained from wall motion data contributes to increaSing
the standard error.in calculating TMD. Estimates_of the
standard error in TMD for wall motion showed that its expected
value is less than twice‘the standard error from the pressure
pulse (approx1mately o5 milliseconds for the wall motion)..
Hence, wall motion can be used with nearly the same degree of
accuracy as the pressure pulse in estimating the location of
the pulse wave, ' .

The characteristic shape of TMD:shcws that the change
in the velocity at the interfaces ég the hardened section
generally takes place over a distance of about-one-half
diameter in axial'iength when the ratio of hardened to soft
section is not large. The deviaticn from this pattern as
shown in Figure 4-1ll1 was observed with the tube shcwing the
largest change in impedance, the half-section 20-90 tube.

In this tube,.the pressure pulse showed a positive shift of

2 milliseconds in the quantity TMD before the interface
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ihdidating a slight debeleration_of'the wave, Tﬁis decel-
erat;on was confirmed in the values from the wall wave, but

of a slight1§ smaller value showing a mean shift in TﬁD of
only 1 millisecond., The 20-70 tube also exhibited this:
deceleration in the pressure wave, but for the wall wave,

the statistical significance of tﬁé data was not conclusive,
?his deceleration, which would be expecged go be less in
finite length sectioné, was only observed. in the 20-90-20-180°
tube., With expected value§ in this positive shift of TMD

.of less than 1 millisecond for finite sections{ its appearance
in the 20-90-20-180° tube would, in the absence of other data,.

have been neglected as an egperimeﬁtal artifact.

REFLECTION COEFFICIENT: Pressure Wave

. The viewing of wave prbpagation aiong a fluid-filled
tube as analogous to a transmission line results in the'con-.
cept. of a reflection coefficient, When the incident wave
encounters a section of different impedance, a portion of
the wave is reflected. The ratio of the amplitude of the
reflecﬁed wave to the incident wave is the reflection coef-
ficient, |

Ay
Cref = Ky ‘ : - 67
Ay = reflected wave

A, = incident wave

BN

For the ideal case where the waves are measured several

wavelengths from thevinterfacé,'and the propagationlmediumwis‘
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nonatténuating, the incident and reflected waves can be . 1
measured directly; In the_expérimental situation, the data
was recorded in fhe near field where the waveé.were super-
imposed as well as propagating along a tube having signifi-
cant attenuation, In order to determine the reflection
‘coefficient, the value of the incident wavé had to be obtained
at the.léading édge of the hardened section where the experi-
mentally observed pressure was the sum of both the incident
and the reflected pressures,

' The estimate of the amplitude of the incident wave of
the pressure pulse was made with the use of the attenuation
‘relatioq for the tube. As ﬁas described in Chapter 4, the
attenuaticn of‘the pulse wave for a uniform tube is determined

with an exponential relationship;"
P = Poe"™ - R £

where the constants Po-and n, fof tﬁe particular tube are
obtained from a linear regression of the tranéformed

" attenuation relation. The difference between the experimenta;ly.
observed pressure and the calculgted incident pressure was
the deviation from the expected gmplitﬁde. ‘When this Qif-
ference was used to form a ratio with the incident wave,

it provided a means of estimating the effects of the super-
impdsed axial and pulse waves as well as eéfimating the

reflection coefficient of the hardened section, The quantity

- v,
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RFC was defined as the ratio:
P _(x) - p ™

RFC(x) = -2 0 . (5-9)
P e"* . o

Pe(x) = experimentally observed
pressure
-In this relationship the expected value of RFC for a uniform
tube is 0. | -

There are two regions of interest that have non-zero
ekpecﬁed'values of RFC, In the first, near the p;ston where
the axial'and pulse waves are superimpoéed, the pressure is
observed to be about 5% above the expected value at a distance
65 one diameter from the pistoh face and épproacﬁes the
expected value of 0, at 5 diémeters from'the piston where
’the waves are separated, 'The second, in the vicinity of the
hardened section, the quantity RFC is observed to increase
to a maximum at the leading interface of the hardened section,
and then decreases throughout £he length of the section.

The maximum value of RFC at the leading interface is the
estimate of the reflection coefficient, Figure 4-15 shows

a graph of Rfc versus axial position for axisymmetric
hardened sections illustrating the region near the piston,

and the maximizing of RFC to the value of the reflection

' coefficient at the proximal interface.

The elastic modulus ratio (EMR) of the hardened section

can be used as an ‘estimate of the reflection coefficient with -
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the effective axisymmetric model described in Appendix D. -
The effect of the elastic.modulds on the reflection coef-
ficient originates from the impedance relations of thé
transmission line analogy. The reflection coefficien£ can

be calculated from these impedances.

. 2z
Cres = TF I, (5-10)

Z, = proximal impedance

2 = distal impedance

‘ Figure 5-2 shows the measuréd and predicted reflection coef-
ficient plotted against the elastic modulus raﬁio for the
hardened section. The predictéd values were obtained from
the derivation in Appendix D. The lower curve was calculated
using the fabricated length of the haraened gsection and the
upper curve was .calculated after'inéreasing the length by -
one diameter to account for the effective addéd length of |
' the hardened section which influences the motion of the tube ‘
material near the hardened section. f

The errors in calculating the reflection coefficient
ffom experimental data result primarily from two sources;
the error in obtaining experimental data, and the error in
estimating the amplitude of the incident wgve.‘ The relation-~
ship expreésing this is pbtained by taking a variational

g oo,

form of Equation 5-7,
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- S 8A, .
CC:ef‘ = -—KI - (1 + Cfef) -rl' : ; (5=11)

A, = experimental data

Ay = calculated incident
. amplitude

From Equation 5-11 we can anticipate that the use of wall
motion with its standard Qeviaﬁion in the displacement of 15%
would not provide a suitable source of data for estimating
.refleCtion coefficients of .10 or less, The pressure pulse
however, which is an inﬁégrated or averaged result of the
wall motion about the circumférencé produces data with a
lower inherent fluctuation, provides a better estimate of

the reflection coefficient.

RADIAL DISPLACEMENT

The use of the radial motion of the wall potentially
provides as much information as that obtainable from center-
line preésure transducers as well as .being a more quanti-
tative.source of information about the axial extent of the
.hardening and the.local values of the elastic modulus ratio.,
In Chapter 4 figures of'TMD versus axial position were
presented with both centerline é:essure data and radial
wall motion data'showing that both were effective .in cal-

~culating TMD along the axis of the tube.

-
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P Radial wall motion would be  a potential source of
infdrmation for éélculating RFC,. and hence, estimating the
reflection coefficient, but it is limited by tﬁe large |
scatter in the measured radial wall motion, The data from
wall motion has shown that a uniform tube deforms as expected
in the mean, that is, the average displacement is that which
is prédiéted. However, the standard deviation in the range
of .15 of the mean precludes its successful use in estimating
of small reflection coefficients.

" The radial wall motion provides its most significant
information in two ways. First, the axial extent of the
.hardened_sectiqn can be ideﬁtified by noting the limits of
the change in the magnitude of the pulse wave.. Second, the
average radial displacement at.the hardened section can be
uti;ized to estimate the value of the Elastic Modulus Ratio
- 1f the centerline press#re is known., The use of a non-
dimensional quantity RHP, which felétes the radial wall-

" motion to the centerline pressure through the:use of
',geométrié and performance variab}es forms the.bagis for.
e§aluat1ng the usefulness of radial wall ﬁotion.. The non-

- dimensional quantity RHP is defined as:

1
N ZUr(x'e) cow,

pix) ] (5-12)

RHP (x) =
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By forming a nondimensional parameter using the displacemené
and the exberimentally observed pressure, the effects of
attenuation and reflection have been normalized-showin§ the .
.relative accuracy of using‘wall motion to correlate with
fluid pressure. RHP has the expected value near 1.0 in the
normglized form. This can be seen in Figure 4-16 for an
axisymmetric tube. The use of RHP in estimaiing the mechanical
properties of ﬁhe tube at a hardened section is shown in °
Figurg 5-3 where th; ninimum value of RHP in the region of
the hardened sectign is plotted versus the Elastic Modulus |
Ratio., The dotted ;ine shows the linéar relationships which
would be expected from an axisymmetric model of the tube wall,
There was some consideration given to the effects of non-
axisymmetric hardeping on the wall motion. The data from
radial wall motion has been represented in terms of average
displacements taken'ffom observations about the circumference
of the tube. Tpis was done with £he nonaxisymmetric tubes
as well as thetaxisymmetric ones, The'supportihg reason for
this is that the pressure pulse prd@ucing the deformation
is symmetric as it shows no radial variation. In keeping
with this symmefric loading it was.found'that_the wall motion .
could be effecti&ely.treﬁted as if the hardened sections
were all axisymmetric. The obsérygdﬁéata from radial wall
motion showed that although the average motion could be
used in explaining the résults,-thgre were cases where the

‘motion itself was not axisymmetric. The nonaxisymmetric



1.

RHP

113

1.0

FIGURE 5-3 RHP VERSUS EMR FOR NONAXISYMMETRIC

FINITE-LENGTH HARDENED SECTION



114
motion ocﬁurs when. the sec£or of the haréened section.is as
large as 180° .and the elasticimodulué is greater than an
order of magnitude that of the uniform section. For £he !

20-90-20-180° section the deformation was of the férm:

Ar .

F;gure 5-4

Radial motion for a 180° hardened section

It was observed that although the motion may be nonaxis&m—
metric, acceptable information for inteipreting thg presence
of a hardened section can be obtained frdm-a single trace at
‘one angular position. Hence, there are times when the motion
is nonaxisymmetric, but one‘need not ‘record information about
the entire circumference'td have adequate data for making
relative iﬂterpretaﬁon ;egarding the change in mechanical
properties. |

RHP may also bé‘used to accurately locate the axial
position of the broximal and distal edges of the hardened
. sections, Figure 4-16 as a.ﬁypical example shows that RHP,

indicates the presence df a hardened séction by its deviation



| 115
from‘tﬁe expected.value near 1,0; " The change in RHP oecure
in all cases over a distance of'one diameter proximal and
 distal to the hardened section. Normelizing the radial
displacement with the observed centerline.pressure shows
the consistent relation between thelpressure and the wall
.motiod. This is evident in the elimination of the attenua-
tion and reflection effects. The statistically significant
changes are identffiable in regions where the elastic proper-
ties of the wall are altered, The effect of the hardened
section on the radial wall motion eppears.to extend only one
diameter from the terminatien of the hardened section., This
.distance may very likely be altered for different pulse '
lengths ‘and elastic properties'of the wall. In arguing from
a purely heuristic standpoint it appears that the effect
of the hardened section as shown in the change of RHP from
‘its expected value of 1.0 to that or the hardened section
yill be longer than 1 diameter with longer pulses and
increaeed~e1estic modulus of the soft materiai.

) A feature that has been removed from the representation
of the radial displacement with RHP is related to the
reflection coefficient and can be determined from the quantity
RFC. Since the radial wall motion follews the pressure pulse
it will increase in amplitude corresponding to the 'increased

“amplitude from the partial reflection of the wave,

T~
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'j/i When examining the unreduced radial wall motion data
the position of the leading edge is somewhat aécentuated .
because the reflected wave increases the rate of chanée
" in amplitude with distancé. This is useful in:thé clinical
application where.tbe data from wall motion very likely will
‘not pe presented in terms of RHP, but examined in a more
unreduced form. . ' .

Iq summéry the results can be viewed in relation to
an experimental anaiysis of wave propagation along fluid-
£filled tubes, or tpwards the development of a diagnostic |
. procedure for examining arterial diseése. The experimental
investigation has covered topics relat}ng to assembly of the
experimental apparatus, the fabrication of the subjecf'fubes,
and the procedure used to conduct a controlled experiment,
as well as the'ahalysis-of'the results in'rélation to current
tbeorgtical level of.khowledge of pulse wave propagation
along fluid-~filled tubes. The ex£ension of these results
to cliniéal application can utilize much of the information
from the experimehtal'investigatipﬂq and the literature
review to serve é; a foundation.for describing the possibility
of developing a.diagnostic techniqqe. The-following chapter
will cover the relevant éreas of concern in relation to
the development of instrumentation aqd experimental techni-
ques for the.investigation.of the presence of arterial

disease by using pulse wave propagation.



CHAPTER VI
CLINICAL IMPLICATIONS -

The central gheme of this study has been directed
towards the development of an aléernative source of infor-
.mation to be used in the clinical diagnosis of atherosclero-
- sis. The possibility of accomplishing this task has been
precipitated by the develapment of the ﬁhase-lock ultra-
.sound‘transducer, an instrument that is capablg of measuring
the motion of the wall of an artery beneath the surface of
the skin, The development_of'a s&stem_of interpreting the
data recorded from radial wall motion has been based upon
the analytic and experimental results from pulse wave pro-
pégation in fluid-filled tubes. Reduction of this information
into a workablé clinical scheme for the detection and identi-
fication of localized hardening of the arterial wall

‘constitutes the basis of this chapter.

INFORMATION SOURCE: The Pulse Wave

The information describing the mechanical properties
of the arterial wall material can be derived by examining
the propagation of a pulée wave'along the axis of the artery.
For example; the normal arterial pulse wave has been used
~in previous investigations for the measurement of pulse wave
.velocity by O'Rourke(102) ahd refigctiOn coefficients along
the axis of thg arfery by Remington(114,115,116). Analytic
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studies by Womersley(143,l44,145,i46) and others, have '
examined the prOpagation-df the normal pulse by the use of
Fourier series decomposition and the investigation of'the
effects of changes in frequgncy on the pfdpagation pafameters.

) With the éxception of Anliker(7,62,139) and his co-‘
workers, and Landowne(77) investigations of pulse wave prop-
agation have utilized the normal arterial pulse wave as the
basis of their stu&ies. gnliker(?) used short frains of sine
waves with frequencies up to 200 hertz and Landowqe(77) used
single short-duration waves for the study of pulse wave
.prOpaéatibn. The uée of shbrt‘duration waves does not present
the probiem of-superimposed,reflectiong from peripheral
structure§ that is present with the long wavelength of the
normal pulse wéve.

. The pulse wave which was used in the experimental
study and proposed for clinical studies is similar'to the
normal arterial'pulsé &ave, although of shorter duratioﬁ
and gmallér amp;itude. This wave is axisymmetric and‘is
"associated with the largest radial motion, the greatésﬁ fluid:
: displacement, and the slowest propagation velocity of the
other types of axisymmetric waves which can propagate |
along fluid-filled tubes., These.other waves, for illustra-
tion and comparison, are_the'axial,and the torsional waves.,
The axial wave is, by definition, that wave'which'possessés
the largest axial motion, and thé_gorsional wave is that

wave with the largest circumferential motion. The
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characteristics of wave propagation and the variables which
predominately control each of the.different waves, imply .
something of ‘the information content that is available when
'these'variables are changed. The torsional wave results
from a twist about the axis of the artery, and is controlled
mainly by the properties of.tne artery wail in shear. The
axiai wave produces a lengthwise pull on the artery and its
propagation is controlled by properties of the wall naterial
to withstand.a volune compression (bulk modulus). Both the |
torsional and the axial waves invite consideration for use
in a detection. scheme because their prOpagation is primarilf
controlled by the mechanical properties of the wall material,
Axial ‘and torsional wave propagation in an artery present a
problem in that they are affected by tethering, the attach-
ment of the outer surface of the wall of the artery to the
surrounding tissue, ‘and its effect on propagation is not fully
understood at the present time, The unknown effects of
tethering combined with the potential difficulty of'generating
and measuring in a repeatable and nontraumatic manner,
either a uniform'axial'or torsional wave, have excluded~them
from further consideration. The pulse wave in contrast can
be generated and measured in a nontraumatic transcutaneous
manner., . . |

The choice of using the pulse wave also results in an
investigation into the form of the wave, be it a continuous

wave or a single pulse, The continuous wave is useful because
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it provides ﬁhe oppor@unity‘of inveétigaﬁing the direct
correlation be;ween linearized solutions and experimental
observations. Fourier series‘analysis'may.be directiy'
applied to the experimental data. Furthermore, continuous:
waves are more easily generated than single pulses, But,
there are some distinct disadvantages.to the use of continuous
.waves. The wave speed must be determinéd by the phase dif-
ference of two wave forms_rathér than arrival time differences
‘at different locations, and reflected waves must be eliminated
from altered wave forms to provide accurate analysis. 1In the
construction of the phase-lock.mot;on transducer, it was
observed, though not to be-held as a universal limit, that
éhase comparison with an accuracy of léss'than 1% of the
period is not a practical goal. To obtain accuracies in the
arrival time of the pulse wave of less than 1 millisecond,
this dictates that the continuous wave must be studied at
‘frequéncies above 10 hertz. The extranneous ;eflected wa&es,
which are present because of the relatively short arterial
length in comparison to normal'pulse'wavelepgths are super-
imposed on the incidént wave form and are potentially a major
factbr affecting the accuracy of the analysis,

The use of a single pulsé wave has advantages in some
areas over the continuous wave: Reflected pulse.waves, of |
other waves can be separated by their different l&éations in

.time and space. The wave speed is obtainable from the time

-
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of arrival of a characteristicﬂfegture of the pulse wavé.'
~ Short arterial lengths caﬂ be examined without the coqfusion
of extranneous reflections. And, the results from coptinuous
wave theory provides a fundamental theoretical background
for interpreting the pulse wave results., Wells(139) has
obtained limited data from experimental animals to support
this conclusion,\which was shown in Chapters 4 and 5 to be
a valid assumptioﬂ. There are some disadvantages to using
single pulse waves, though, The frequency response of the
instrumentation must be somewhat higher than for continuous
;waves; Arrays of data in time and space require multiple
transdude;s with a single pulse or multiple repeatable‘pulses'
with a single transducer. The-repeatibility of single pulses
in relation to amplitude, duration, and contour is more dif-
ficult than for continuous waves. Considering the.relative
merits of~continuous.versus single pulses;'the single pulse
has begn chosen becausé, though tedious, the isolated pulse
~wave can be directly studied in a éhort arterial segment.

In seleéting the pulse wave, it is to be emphasiéed
that short duration pulses be used. This must be done to
minimize extranneous reflectionstfrbm the peripheral
vasculature, to reduce the error in determininé the arrival
time of the pulse, and to a slight extent, amplify the
magnitude of the reflection coefficient at the interface bf
a hardened section, The”normal-é:gerial pulsg wave is

approximately five times the length of the hody, and when
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measq:i_ng the magnitude ofv th.e.pulse wave one must not';e thaﬁ .
the effects of attenuation and reflections from peripheral -
vasculature appear_superimposed ﬁﬁon one anothef. Short
.duration pulses which will be examined in the vicinity of a
hardened section have superimposed the incident wave and
the reflected wave, but from the hardengd section only,
and not from peripheral vascuiature; This reflection.from
hardened sections is aécountable and later in this chapter
will be discﬁssed in' its relation to determining the
reflection coefficient.. The position of the wave can be
~determined to within a percentage of its wavelength. Hence,
a short-duration wave can be located with prdportibnally
»gfeater absolute accuracy than a longer wave where the
necessary instrumentation frequency résponse is increased
by being inverselj'proprt;onal to the wavelength., It is
anticipated that the,accurécy required for clinical analysis
will require that the arrival time of the pulse wave be
known with a 9§% confidence to less than .5 milliseconds.
This would require achieving an accuracy of .,05% of the
duration of the normal arterial pulse wave, an unlikely
possibility for clinical instrumentation. By using a pulse
wave with a 10 millisecond rise time, a technique accurate
to within 5% of the rise time can be derived. The shorter
pulse wave, as shown by the derivation in Appeﬁdix D, also

increases the magnitude of the reflected wave at the hardened

.-
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section, 'Although no.substéntial d%ta is available to sup-
port this resu}t, Womersley confirms its general natnre in
a theoretical analysis of rigid flowmeter sections about
arterial segments(146).,.

The usefulness of the pulse v_;:ave in obtaining clinical
information originaﬁes from techniqueé which can accurately
.measure.its characteristics. The sphygmomanometric.method
which provides a clinicalrestiﬁate of maximum and minimum
pressures in the arterial pulse wave is neither accurate nor
specific enough to.act as a measurement techhique. The usu;1
clinical éathetér uses a pressure transducer exterﬂal to the
body to iecord arterial blood pressure by connecting the
transducer and the artéry with a long fluid-filléd tube.
A.catheter of this form is limited in frequency response
and will not accurately measure short duration pulse waves,
The gequired high-frequency response dictates the use of a
catheter-tip transducer to eliminate the long'connecting.
tube between the artery and the transducer. ‘The other
acceptable method of observing the pulse wave is to directly
measure arterial wall motion. The experimeﬂtal study
descfibed in Chapters 4 and 5 has shown the comparison of
the use of arterial wall motion End fluid pressure for
studying the propagation of the pulse wave. The use of
both fluid pressure and wall motion will be discussed in the
.remainde; of the chapter in ‘their relagionship to the

detection and identification of haf&ened sections of the
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' -arterial wall, ‘

It musf be noted that tﬁere is a differgnce in wave
contour for the fluid pressure and the radial wall motion.
This difference, noted in the experimental study, was at the
foot or initial portion of the pulse wave. The pressure is
seen éo ;ncrease slightly ahead of the pressure pﬁlse as.a
result of the more rapid propagation of the axial wave
preceding the arrival of the.pulse wave. The coupling between
the axial and pulse-waves‘produces an observable small
pressﬁre wave, In contfast to the pressure, the wall motion
. shows a small dip ahead-of the-pulsé wave to account for |
flexural bending in the wall from the radial expansion of
the pulse'wave. This is shown in an éxaggerated form in

Figure 6-1,

Figure 6-1

. Exaggerated shape of wall deformation for a
Pulse Wave _—
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This constriction was not observed for long pulse rise times
near that 6f the normal arterial pulse, but must be copsidered
for pulse waégs with faste; rise times and shofter pulse
{lengtﬁs. Throughout the rise and over the iniéial peak of the
wave, the contour from the fluid pressure, and the radial
wall motion were observed to have identical contours. The
changes observéd‘at the hardened section, ané surrounding
regions, in ;hé pressure pulse, and wall motion do not'foilow
identical patterns. What these are, how they differ from
one another, and what information can be obtained from them,

will be discussed later in the chapter.

INSTRUMENTATION: Performance Limitations

The duration of puise wave places some requirements on
the response of tﬁé instrpmentétion to the received signal
from the transducer. The frequency responée of the
instrumentation must provide less’ than 3dB attenuation at
fhe frequency: .

£ (6-1)
r .
where t. is the rise time of the pulse. When the signal passes
through a series of instruments, the final rise time of the

pulse becomes: . oo

Tr " z:t":: | - (6=2)

e
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The final result is that the acceptable minimum rise time
is the sum of the minimum rise time of each ;nstrument'ih
series (Lewis & Wells,80). |
All existing instrumentation for measuring the éulsé
'wavé does not meet the requirements for accuraﬁe reproduction
of short duragion pﬁlse.waves. The pﬁase-lock motion
- transducer and the catheter-tip pressure transducer, however,
can accurately measure pulse waves with rise times less than
.10 milliseconds. Clinical catheters with the pressure trans-
ducer external to the body normally have just sufficient q
capabilitf to measure a normal arterial pulse wavé. Wifh a
natural frequency in the range of 6 hertz, the clinical
catheter can accurately;follow'a pulse with a riée time
longer than ,075 second, which is only aéproximately 20%
faster than a normal arterial pulse. Investigations of non-
normal pulse waves are severely limited when only cliniqai
catheters are available. The use of an inflated cuff about
the limb to measure the pulse appears to be at least limited
in its'frequency response as that of the clinical catheter,
The cuff has been shown by Carter to produce pulse contours
with rise times in the range of .l140 sec,, but comparison
with accurate pressure’measureménts were not made and it is
doubtful if shorter rise times can be recorded. It appears -
" that much higher ffequency response with a cuff will not be

attainable because of 1) the need to transfer a definite

-
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mass of blood into the limb to.compress the cuff, and 2)

the compressibility of the gas leume within the cuff., 1In
addition, the' large size of the cuff measures the pulse '
averaged over an axial distance somewhere in the region of
the w;ﬁth of thejgnff; posSiﬁly up to several inches. The
ﬁercury strain ga;é also is somewhat limited in that direct
arterial measurement can only be done with exposed arterial
segments. Its use in a 1imb'plethysmograph similar to the
cuff is subject to large Qolume displacements of blood, .
eliminating its use for shott duration loﬁ-amplitude pulse
: “anes} From this discussioh it is éoncluded that either
a wall motion transducer similar to the phase-lock ﬁltra-.
sound uniﬁ, or a catheter-tip pressure transducer possess
the necessary frequency response to detect short duration

pulse waves.,

GENERATION

- The clinical generation of a pulse wave is not a
~_straightforward,procédure. The pulse wave is'axisymmegric;
but it is unlikely that it can be generated solely as an
a#isymmetric wave, It is pnopoéed that a brief impulse on
the skin surface, in the manner ﬁsed successf#lly by '
Landowne(77) can produce a propagating pulse'wave in the
artery. This procedure will‘generatelé pulse wave but ‘
also because of the nonaxisymmetric deformation by compactinga

the skin surface it willngeherateuaxisymmetric axial wave as
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wéll gs othér nonaxisymmetric'waves. The axial wave, which
prop#gates'faster and attenuates faster than the pulse wave,
will very likely not be detectable with a pressﬁre,transducer
. or radial motion tfansducer after more than one waveléngth
of the pulse wave. The nonaxisymmetric waves attenuate
faster than the axial wave and wiil not be detected by pulse
wave monitoring instrumentagion afﬁer ﬁhe'axial Wave has
attenuated. Anliker(7) has confiryedqthis by successfully
gathering meaningful data from experimental animals with a
transducer placed one wﬁvelength or more from the wave
generation source., It is concluded that it is possible to
generate a pulée wave from a nonaxisymmetric'defofmation of
the wall of the artery, and the experimental observat;ons
will be accurate if the transducers aré separated far enough
from the pulse generation source so that axial and non-
axisymmetric waves have b;en sufficiently attenuated in

order that they not affect the propagation of the pulse wave.

PULSE WAVE PROPAGATION: Normal Artery vs. Uniform Tube

The analytic description of'gulse wave propagation has
commonly been baéed.upon‘using ; long, straight, and uniform
fluid-filled tube as a model of the artery. There are
several problems that arise in the comparison of the per-
formance of uniform tubes with arter{és because arteries are
neither uniform nor are they long ;nd straight, The early

theoretical studies when compared to experimental observations



_ 129
revealed énough incongistehciés tha£ analytic investigations
were of little clinical value., The two measured valués4that
related to this study are wave speed and.attenuation; "The
wave speed for a uniform tube is constant along its length.
In contrast to this McDonald(84) has shown that in an artery
the wave speed can éhange from 5 meters per second in the
.arch of the aorta to greater than 15 meters.per second in
the peripheral vessels., Histaﬂd(Gz) in studying short
~arterial segments has utilized uniform pulse wave velocities
to determine the tfansmission characteristics of pulse waves
short segments (3-5 ém.) of the ao;ta. The pulse wave in a
uniform‘fube attenuates according to an exponential decay.
In the arterial system of canine arteries, Wells(l143) has
ugilized an exponential decay for retrograde propagation of
impulse and continuous waves over segments from 2 to 6 cm.
in ;ength. Rockwell(1l2l), in acknowledging the amplification
.present in the normally propagating pulse wave, has devéIOped
a model that accounts for changing diameter, wall thickness,
and mechanical properties along the érterial tree. His
model has reproduced the amplification of the pulse wave
‘that has been observed by Womersley(144) and Remmington(116)
for nondiseased arterial segmenfs. At the present time a
precise description has not been formulated for attenuation .
of pulse wave propagation in the aorta. 1In revie&ing the
.available information it appears that the modeling of short

lengths of an artery have been accamplished utilizing a
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‘_luniform tube, yet longer segments have shown the arterial.
system to be nonuniform along its length. The conclusion
that can be drawn from this apparently conflictin§ data is
‘that the arterial system is normally non-uniform along its
length, but the changes occur slowly enough to permit short

segments to be studied as uniform tubes.

PROPAGATION VELOCITY: Arrival Time vs., Distance

The search along an artery for a hardened section can
be done by examining the local propagation velocity. It has
been shown in the preceding work .that the local prOpagation
© velocity of the pulse wave increases in the region with a.
hardened.wall section. The velocity is commonly used in
describing the propagation of the pulse wave, but it is not
the best way to display the data for interpretation when the
distance between data points is decreased. The computation
of the local propagation velocity produces'statistically less
'signifioant results than working directly with the axial
- location and the arrival time of the pulse wave.

In Chapters 4 and 5 it was shown that the experi-
mentally observed arrival times of the pulse wave can be
used to locate local changes in the propagation velocity.

If the velocity were accurately known, the experimental
observations could be compared with the known velocity to
determine the error in observation method. In the experi-

~mental study with uniform tubes the mathematical form of
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the veiocity was known, and the unknown cénstants in'the
mathematical relationship were determined as a statistically
best estimate. In the artery tﬁe.mathematical descriptioh'
-.of the expected velocity is not known, but may be approxi;

mated. Rockwell has used the relationship:
C=C 1+ 02) © (6-3)

x = distance, cm.
C° = propagation Qelocity

at x =0
As noted previously,. and formulated above, the'expected
variation in the propagation velocity with distance is a
slowly changing proeprty}; In contrast to this, the cﬁaﬁge
in velocity at a local hardened section will be greater than
the normél varia£ion.l o H

As an analogf‘to the éxper;mental.study, the uée of

the arrival time and axial location of the pulse wave could
be used to locate hardened sections., The data Qbuld be

obtained in the félloWing form:
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Arrival time

T

X

Q Figure 6 - 2

Arrmval time versus axial position, Ax
indicates hardened section

where x indicates the hardened section. The plot of the

exror from the expected arrival time is the quantity called

TMD,

. . .- x ' - *
T™MD = te - (to f cTz)) . (6-4)

‘TMD

I

.

Figure 6-3
TMD versus axial position, Ax indicates
: hardened .section
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The development of an,accufate interpretative method erends
upon- the accuracy with which c(x) in the normal state can be
described., Statistical analyéis can be utilized to determine
'the‘significgnce of the data by utilizing the calculated
arrival time as the -éxpected value. Deviations from a zero
value of TMD can be.evaluated in termé of the accuracy of
-the data and the estimate of the variation in propagation
velocity with distance. | ' |

The experimental study has shown that both wall motion
and f£luid pressure can be used to determine the arrival tiﬁe
of the ppise wave, It has been noted that pressufé must be
monitored with a catheter capable of responding at higher
’ffequencies than clinical-cathéters; hence, the use of a
catheter-tip transducer is necessary. The radial wall
motion can provide a similar form of information about the
arrival time as does the pressure transducer, with'two
‘exceptions: First, the variability of the pulse wave aiong
the axis and about the circumference_impart slightly more
scatter than is observed in pressure data. Second, hardened
sections may decrease the amplitude of the wave in thé wall
to the point where it is unobservable in the region of

interest.
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‘WALL,,..\.:M‘drI_om Axial Location

The. variation in amplitude of pulse wave along the.
artery can be used to estimate éhé axial 1ength.as}well as
- the relative change in elastic modulus of the hardened
section. This requires that measurements be taken with axial
spacings much shorter than the expected length of the
hardened section. The magnitude of the pulse wave will
include effects of amplification from normally changing
arterial aiménsions‘and_wall material properties as well
as the effect reducing the amplitude in the region of the
hardened sectipn and the reflection at the proximal inter-

face. The raw data would have the general form:

Ar

N

X

, . Figure 6-4 .
Radial wave amplitude versus axial position,:
Ax indicates hardened section

, -
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The major decrease, thatAihdicated in the region of Ax
in Figure 6-4, will occur at the hardened section. ‘$he
overall rising of the data is.presented to describe the
slight amplification anticipated in the arterial system,
Proximal to the hardened section there will be a slight
increase resulting from.a reflected wave from the hardened
section., The reflected wave will be diséussed in the
following section. The presenée of a reflected wave slightly
enhances the appearahce of the leading edde by increasing the
amplitude of the wéve at the proximal interface, For this ”
reason the distal inﬁerface may not be as definiti&e as
the proximal intefface.

In the experiméntal study it was ‘shown that the effects
of the reflected wave, and the attenuation can be normalized
with the use of a nondimensional quantity that incorporates
the fluid pressure, geometry, mechanical properties, and fre-
quency. It is unlikely that all this information will be
available ﬁo the phyéician for use in analyzing the data.

We will very likely want to use the uﬁredueed data from the
wall motion. to derive his conclusions. Even considering
this, the use of radial wall motion in locating the axial
location and extent of. the plaqﬁé is a goal that holds a
high likelihood of success. Large changes in the gmplitude ‘
of the wall wave at the axial interfaces of the plaque can
'identify,its location and size. The accuracy of using wall

motion is sufficient to be able toﬁidentify the interfaces
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withiless'than one diameter error,

ELASTIC MODULUS: Arrival Time and Wall Motion

The elastic modulus of the plaque cen be'estimated .
with data from arrival time of the pulse wave or the amplitude
of the wall motion., We can anticiéatevthe magnitude ¢f
change in the elastic modulus of the plaque'from'the daca
of O'Rourke(102) and Yoshimura(l49). They each note average
increases in pulse wave velocities of 1.5 to 2,0 in the pres-
.ence of arterial disease. In terms of average increase in ’
the elastic modulus this would imply average increases in
the elastic modulus of 2,25 to 4.0; Bpt average increase
are not a fair estimate of the increased elastic modulus,
because a plaque is assumed to affect only 5 sector of the
circumference. From the results of the experimental study
it can be showﬁ that a 150% increase in the wave speed would
require an essentially rigid tube extending over 200° of the
vcircumference. " From extensions of this arguﬁent it can be
shown that using average wave speed information over long

distanceS‘fpr small sector plaques having material properties
| near that of the normal artery will require extremely fine
definitions of changes'in the velocity. We conclude from
this both that the change in the elastic modulus is signifi-,
cant in the presence of arterial disease, and that'it‘can
‘cover ma?or sectors of tpe artery, In pot;ng the size of

arterial plaques Mitchell and Schwartz{9l) have observed
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small plaques of 1 cm2 in area and -moderate plaques.of
6-8 cmz. ‘The normal sector of an arterial pleque was ob-
served to be in the range of one half the circumference, or
" less.’ Roberts has confirmed this in studies of the coronery'
arteries(120). |

The experimeotal portion of this study canfprovide
estimates of the elastic properties of the presymptomatic
plaque.. A polynomial expression was used to fit the data
from Pigure 5 3. Because clinical data on radial wall motion
will not be normalized to remove the presence of the
refiected wave, the expression was adiusted to account for
this effect. Figure 6-5 shows the graphical result plotting

the wall wave ratio:

Ar_ = wall wave amplitude
p‘. at center of plaque

Aro = estimated wave
amplitude in -
absence of plaque

versus the ratio'of,the elastic moduli

Eé /By | ' ' .
' -BE_ = elastic modulus
. P of plagque

E = elastic modulus
of undiseased
artery

P

for the circumferential sectors of 90°, 120°, and 180°,
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‘ - The significance of Figure 6-5 is that it shows that:
the observed informatioh Arp/Aro can be used £9 determine
- the circumferential extent of a piaque if the ratio othhé
' elastic moduli ratio is assumed, or if the ratio of the f‘
elastic moduli is assumed, the sector can be determined.
The genéral view of this result is that it is possible to
,.locafe hardened sections witﬁlhigh staéiétibal significance
even When.thé relative'chanées are-as low as 2,0 of fhe |
undiseasea elastic moduli. This is a significant improve-
ment over the method of using average increased wave velocity.
The comparison,wouid be: an increase in fhe.elasgic modulué
to twice the undiseééed'modulus for a 180° plague could be
'identified using wall moﬁion with greater than 95% confidence.
The elastic modulus change in tﬁe‘hardened section can be
determined from the arrival time of the-puISe wave, Figure
6-6 shows the ratio of the time shift variable TMD and the
méximum time Ax/co vérsusuthé ratio of tﬁe elastic moduli
'in the plaque and the unaltered tube E/Eo for different
sectors of hardening from 90° to 180°, The characteristic
shape is similar' to the Wall'mofion; showing the greatest
relative change'ih fMD with elastic modulus changes iess
vthah 5 times that of'the'unaffectgé.wall. To make an
.estimation of the relative elastic modulus of the hardened"
section, one must obtain TMD, Ax, hné c° from experimental
observations ahd data reduction. By assuming the sector

" size of the plaque, the relative eiastic modulus can be
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determingé._ The required éccu:acy for tﬁe conditions,of the
observation can also be obtaiﬁed from Figure 6-6. In the
case of a 10 cm long plagque in an artery-with a nominai.
propagation velocity of 10 u/s, Ax/C, = .010 second. ihe'
.arrival time of the §ulse»wave must be obtained accurate
to less than 1 millisecond to utilize'arrival time for
‘evaluating the relative elastic modulus.

After examining both the wall mptibn and arrival time
.it was seen that the sector must be assumed to evaluate thg
relative elastic modulus change., But, it was found that both
Figure 6-5 and Figure 6-6 were~asymtotié at larger elastic
'modulus éhanges. This allows the aaﬁa to be used to evaluate
éhe'sector size for the more rigid sections. This particularly
.is significant in more advancéd disease Qhen one would want
to know the total extent Qf tﬁe hardening rather than the
relaiive change. | |

Consideration must also be'givén to the circumferential
position of the plaque relative to the motion transducer.
First,'it should be noted that the attery deforms symmetrically
S0 that even if the plaque is opposite the transducer, the
data will be indicative bf,the'qgchanical properties of
the plaque. In the case where the plaque is extremely stiff,
and extends to cover half the #rtery the motion shown below

. can be expected.
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Figure 6-7 '
Radial motion for a 180° hardened section

\}

Included in this is the lack of ability of the method to
determine the circﬁmferenttal position. fhe‘more_significaht
conclusion, however; is that it makes little or no difference
‘where the data is‘recordéd about the circumference of the
artery, because the axialiposition of the plaque will be

evident at all ahgﬁlar locations, -

REFLECTION COEFFICIENT: Pressure Wave

The ref}ection céefficient deserves mention in that it
can be derived.frpm the data, and can potentially be used for
estimating the rglative magnitude of a hardened section in
the artery wall, It has received attention by such noted -
investigators as Remmington(115,116) and Womersley(14é)tn
explaining normal changes in the arterial pulse wave. 'WavesA
reflected from periphéral vasculature were prqposed as the
reason for amplification of pulse waves along the aorta and

major peripheral vesselshwhen the dispersion had not
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provided an adequate#answef. Taylor(l33$ and Rockwell(121l)
have' shown, however, that the séurce of the amplification
arises from the anatomical changes in cardiovascular éystem
making it unlike a uniform infinitely lbng tube. |
| It was shown in thé experimental study that a reflected
wave is generated when the pulse wave encounters a portion
‘of a tube that has a hardened section.  In utilizing the
transmission line analogy -of Taylor(133) br that from the
.derivation in Appendix D, the reflection coefficient can bg
calculated as: |

_ 0 ‘ : -
Crer = T ‘ (6-5)

Zo = proximal impedance

Z = distal impedance

The'impedances depend upon the mechanical propertieé of the
arterial wall and as é result, the calculated reflection
coefficient can be used to estimate. the magnitude of the
hardened sgction.,

‘ The reflection cqefficienﬁ used for making estimates
. about the wall properties can be obtained from pulse wave

amplitude data. The reflection coefficient is defined as:
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C [~ Q" LI ) ‘ : '(6?6)

A4 ='reflected wave

Al = incident wave

The recorded data is obtained in terms of superimpbsed incident
and reflected waves, that is, Al +'A4. In a probable example
the pulse wave amplitude along the axis of the artery would

be of the form:

Pressure

-r4Ax F*—
X

. Figure 6-8 .

Pressure versus Axial Position

Here Ax indicates the position of the hardeﬁed section,
Because of the superimposed incident and

reflected waves it is necessary to establish an estimaée of

the amplitude of the incident wave at the proximal intef-

face., This may be done by using datad that is removed from

the presencé of the reflgcted wave, then extrapolated with

the use of the'attenuatién relaﬁion to where the reflected
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Qave,is a' maximum, Tpis,prbcédure éenerates data fhat cah
be.expressed_;n terms of its statistical significance;-
Because of 1) the small magnitude»of the reflection‘doef-
ficient, possibly about .10, 2)‘the unknown attenuation
relationship for the-normal artery and 3) the lack of
a priori knowledge of the location of the hardened section,
_the usefulness of the calculated reflection. coefficient will
be less than propagation velocity or wall motion., A
_variational equation can be derived from the definition of
the reflection coefficient to evaluate the effects of errors

in experimental data and calculation methods. Thfs is:

8A §a, .

e . ]
SCres = &, = (1 * Cres) x; (6=7)

1

The first term on the right hand side is the relative experi-
mental error.A From the experiﬁenﬁal study it was found that
the standard error in the equipmental data was always less
‘than .03 of the incident wave., In the'clinical situation

: wheré exﬁerimentai conditions can not be ciosely controlled,
as-a conservative estimate, this will be doubled. The error
in estimating the amplitude of fhe incident wave amplitude
can be extrépolated from Wells' (139) data to yield a
‘relative standard error of approximately .08. Equation 6-7

estimatés»a standard error in the reflection coefficient to
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béino less than .148, It could be said that with certainty
one would not investigate situations with reflection coef-
ficients below .30, Short hardened wall sections do not ‘
produce ref&ec#ion coefficients of this magnitude; hence,

will not serve as reliable an indicator as arrival time or

'wall motion., The presence of raiséd plaques, or thromboseés

that invade the lumen canAprovide reflection coefficients
larger than for hardened walls alone and this may result

in a useful interpretation of data producing large reflection

coefficients,
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CONCLUSIONS AND RECOMMENDATIONS

| This study undertook the tasﬁ»of identifying the
observable changes associated with the propag§£ion of a
pulse wave along a tube with hardened wall sections. It
was demonstrated that it was possible to obtain informatién
about the size and location of hardened sections as well as
the relative change in the elastic modulus using both the
fluid pressure and the wall displacement wave. The use of
...short-duration pulse waves was shown to be a necessity for
implementing the methods used in this study for reducing
and interpreting the primary sources of data; thé arrival
and the amplitudé of the wall and preééure wave,
From an array of the arrival time of the pulse wave.
algng the axis, 1) the expected value of the wave speed,
2) the axial position of the proximal and distal boundaries
of the hardened section, and 3) the combination of sector
size and increased elastic modulus can be evaluated, Both
the pressure wave.ahd the wall wave piovide acceptable arrival
time.dgta, although the greater variability in the wall dis-
- placement introduces a larger uncertainty into the results
than is present with the pressure wave.
‘ The amplitude of the wall wave could aléo be used,

independently of the arrival time, to estimate the axial
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position of tﬁe boundaries.and the combinagion of sector
size and increased elastic modulus of the hardened section.
Using the amplitude of the wall wave, the axial position
"of ﬁhe boundaries can be located to within 1 d;ameter of
their actual location with greater than 90% certainty.
Measurements obtained along one meridianal plane were shown
to be statistically accurate for both axisymmetric and
non-axisymmetric hardened sections in straight tubes,

Either the arrival time of the pressure or the wall
wave or the amplitude or the wall motion can be used to
estimate the combination of sector size and elastic modulus
of the hardened section. Wheén the ratio of the elastic
modﬁlus of the hardened section to the original elastic
modﬁlﬁs is low, below about 5, the sector size must be
assumed when estim&ting the ratio of the elastic moduli.
When the ratio of the elastic moduli is large, the magnitude
of the ratio cannot be determined, but the data ‘may be used
to estimate the size of the hardened sector, |

The use of the pressure wave for calculating a
useful reflection coefficient descriﬁing hardened, non-
invading wall sec¢tions does not appear to be a fertile area
for study. In a controlled laboratory situation useful
results caﬁ be obtained with uniform tﬁbes, buﬁ in a
ciinical situation the expected erfors due to uncertainty

in arterial architecture, control of the wave amplitude,
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and'attenuation factors are large enough to make the final

results statistically uncertain.

The results of this study can be implemented by
.studying pulse wave propagation wifﬁ either a pressure
sensing catheter{ or a wall mqtion transducer; At the
present time the most readily accessible data is avai{able'
from the pressure wave. However, before data can be
obtained; it is necessary to fabricgte equipment.capable
of producing pulse waves having a repeatable, or known
amplitude with rise times in the order of 10 milliseconds."
Arrival time data will require that standard errors in the

4 seconds, This

expected arrival éime be less than 5 X 10~
will necéssitate an arterial.scan of sufficient length
proximal to the hardened section to verify this accuracy;

say over a distance greatér than 8 cm, at .5 cm. increments.
jAﬁbiiﬁude Qata, as has been discussed, may hot‘be valuable
‘in estimating hardened sections in the arterial wall, but

in the case of luminallinvasion,.the reduced cross section
cah produce an increased reflgctiqn coefficient that may

haQe significant clinical importance. It must be noted.ghat
the catheter frequenéy response ahd accuracy muSt be adequate
for the low amplitude, short-duration waves beiﬁg‘used.

.The uti}ization of radial wall motion in addition

to the fabriation of a pulse wévg generator, will require
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.the dévelopmeﬁt of an adeéuate skin-éﬁrfacé mounting trans-
ducer. From the results of the laboratory stg&y, a usable
instrument that readily tracks radial wall motion may be
developed from the prototype phase-lock transducer. The
utilization of radiéi wall motion will require;an axial
scan at least as great as for using arrival time data

plué an additionai distance to allow the axial and radial
waves to separate. This additional distance with the
‘finite size of the wave generator (approximately 1 cm.) may
‘preclude the use of this method for all but the.longest
arteries. Consequently additional ‘effort is required to
qeveIOp a useful short-scan amplitude technique for

clinical use.
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APPENDIX A

EXPERIMENTAL APPARATUS AND PROCEDURE

General Description

.The experimental apparatus was constructed to produce
a pulse wave at one end of a fluid-filled tube énd to examine
its propagation alang the gxis.of the tube. The general _
arrangement of the equipment selected is shown in Figure A-l.'
The tubes were mounted élong.the long axis of the water-filled
"tank,.and the pulses.Weré generated at one end with a piston
drivén by an electromagnetic shaker. The shaker was powered
by an amplifier which followed the signal from a pulse
'generator. The centerline pressure transducer, and radial
motion transducer were positioned with a'carriage mounted on
top of the tank. Information from the trahsducers Qas

recorded on a dual-trace memory oscilloscope. -

‘Pank and Attached Equipment

The tubes were mountéd hofizontally along the major
axis of a water-filled tank 2 feet square and 8 feet logg.
F{gure A-2 shows the tube holder and the piston used to
generate the pulse waves. The collar holding the tube
provided a fixed end condition with no rotaﬁiohlat the edge
of the tube holder. The.?iston for generating the waves

 was inside tube holder at oné;end of the tank." The tube
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Figure A-1l"

EXPERIMENTAL APPARATUS
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holder St the terminal end of the tube w&s movable éloné‘thé

‘axis of the tank and provided a.positioning mount for the .250
inch tube holding the pressure transducer, The mount hblding
the pressure transducer also contained a port which allowed
the tube to be pressurized above the ambient fluid in the
tank, The tank’was filled with water to provide a low-loss
medium to'propagéte the ultrasound beam from the motion
transducer, |

A threeeaxis poéitiénin§ carriage mounted on top of the
tank wgé used to locate the motion transduder and. the centér-
. line pressure transducer,. Maghinistfs rules with minimum

éradations of ,010 inch were used for indicating the positibn.

Piston and Pulse Generating Equipment

The piston for generating the pulsg waves moved axially
-inside the tube holder'mounted at the end of the tank. An

. MB C-11 electromagnetic.shaker was attached to the piston
with a universal éoupling used to allow for some misalignment
.iﬁ the.motién of piston and shaker és shown in Figure A—?.

The piston seal inside the tube holder was accomplished with
three raised rings that served as.piston rings. Motion of
the piston was determined staticaily.with a mic#ometer and
observed dynamically with an LVDT. The slug fbr the LVDT was
aftached to the shaker mounting plate and the coil was at-l
tached to a bracket oh the cover of the degaussing coillof the -

-shaker as shown in Figure‘A-Bs The“Shaker motion was
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Figure A-3

COUPLING OF ELECTROMAGNETIC SHAKER TO PISTON
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constrained to move only fofward from thetreference positioh
in describing a half sine pulsé. This was accomplished by
mounting a nylon stop against the armature to prevent if ffom
moving back into the negative region. . |
' The shaker was driven by its accompanying equipment,
- an MB 2750 amplifier. The B and K'sigﬁal generator which was
integral with the amplifier was by-passed and a Wavetek 112
signal generaﬁor was used to produce singlé half sine wave

. pulses to drive the amplifier.

Transducers

An LVDT used to measure éhe éosition of the piston is
shown in Figure A-3,

The phase-lock motion transducer and the pressure
transducer are shown in Figure A-4, A detailed discussion
of the phase—loék transducer is given in Appendix C. The
presshre transducer was mounted at the end of a .250 tube
and positioned axially'with the carriage on the tank. The
transducer using two active strain gages on a .196 inch
diaphragm was connected through a shielded cable to fo:m one
" half of a Whéatstone bridge. In order to eliminate noise
- an amplifier for the pressure transducer was constructed
to provide approximatel& 1000:1 gain, and mounted as near
. the transducer as possible. An RF filter on the output
from the amplifier provided the necessary final reduction

" in noise to produce a signal with a-low background noise.

In the final calibration this background noise was estimated
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Figure A-4
PRESSURE AND MOTION TRANSDUCERS
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Experimental Procedure
The .experimental procedure was developed .to produce
short pulses (10 millisecond rise time) of controlled amplitude,
and to investigate their propagation alopg a fluid-filled tube
with nonuniform wall properties. In‘ordér'to.investigéte the |
propagation of a single wave using only a single displacement
transducer, and a single pressure transducer it was necessary’
to send 600 to 1000 idenfical single pulses along the tube
each time repositioning the transducers to 'a different location.
The shapé of the pressure pulse is shoﬁn in figure 4-3
of Chapter 4. The contour of approximately a single sine
wave was achieved by driving the piston through a half sine
wave and allowing.the iner?ia of the returning f£luid and the
reflection from the piston face to generate the remaining
half of the pulse.‘ The piston was - constrained to move only
in a half sine wave by mounting a nylon block at"ghe rear of
the shaker body to prevent the armature from traveling past
~ the zero position of the returned stroke. The pulse was
directed with the Wavetek 112 signal generator which, besides
inputting the half sine pulse to the amplifier of the shaker, .‘
also stafted the sweep on the osciiloscope to begin recording
data from the pressure and displécemen% transducers, |
The procedure for makipg an experimental run started

‘with mounting a ‘'tube in the tank. The tube was mounted
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between the two tube holderé with the claﬁping collars over
the outside of the tube. The #ube holders had previously
been aligned both with the tank and the transducer cargiage
to within the tolerance of the scales, .610 inch, The |
électronics of the diéplacement transducer, even though of
solid state cons@ruction, was noted to drift in calibration.
it was left on for several days at a time to insure as much
stability as possible. The amplifier for fhe shaker, the
-oséillqscope, and the amplifier for the pressure transducerq
were turnéd on the evening before the experiment to\provide
a greater than 6 hours of warmup., This was greater than
necessary for the oscilloscope, but it was observed that the
aﬁplifiers for the shaker and tﬁe pressure'transduéer needed
four hours or more to come to‘a stabilizeé condition, Since
the pressure transducer waﬁ ﬁséd throughout the experiment
to chéck uniformity of the output pulse from the shéker,_a
uniform thermal drift in either unit would not have been
detectable in relation to a constant baseline.

After turning on the various electronic devices, the
. pressure transducer was positioned in the center of the tube
with the diaphragm of the transducer within .010 inch of the
; terminal tube-tube holder interféce. This was the position
used to monitor the amplitude of the pulse throughout the
‘ portion of the experiment when radial displacement information

~was recorded. The tube was bressurized with a static head of

[ S
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water from an overhead tank to 37 inches of water by attaching
.the filling hose to the port in the pressure transducer
positioner which had been drilled and fitted with a port to
the interior of the tube. The crystal holder for the dis-
placement transducer was mounted on the vert}cal shaft of one
of the barriage prucks on the positioner, and aligned perpen-
dicular t6 the tube axis., This concluded setting up the
equipment the evening before an experiment&l run was to be
begun. The motion of the ﬁatef in the tank damped out, and
all eqﬁipment was stabilized by the next morning..

-The . recording of the data consisted of initiating the
ﬁulée with the signal generator and recording the radial wall
" motion and zenterline pressure along the axis of the tube.,
The radial wall motion was recofded firét, with the pressure
transducer at the terminal end of the tube used to maintain
a uniform pulse amplitude throughout the duration of the
experiment. The radidl ‘wall motion Qas recorded by sequentially
moving the displacement transducer along the axis of the tube
for each pulse wave which was initiated. Once.the.entire axis
of the tube at one circumferential setting had been completed,.
the tube holders were rotated and the experiment repeated, -
recording data at the same axial position for the new angular
orientation., Nonaxisymmetric tubes were,rotated'in 22,5°

intervals and axisymmetrié'tubes were rotated in 45° intervals.
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After the radial dieplacement had been recorded, fne
pressure transducer was advanced along the dxie of ‘the tube
positioning.it at the same axial.positions where the radial
deformation data had been recorded. |

After the completion of recording the pressure and
displaeement data the calibration of the transducers was
verified, The'pressure traneducer wes.celibrated.by moving
it oVer e.one'foot.elevatien in the tank of water neing a
machinist’s écalelas‘a.;eference. The displacement transducer
was ealibrated statically by remeving the stop from. the back
of the shaker.bon, and attaching a micremeeer stock. This
calibration was pefformed at the distance and oscillator
frequency used in the experiment that had just been concluded.
The normal position for the displacement transducer crystal
holder was .400 inches, and the Operating frequency was nor-
mally 4.80Mhz, After'coneluding the calibration, all units
with the exeeption of the transmitter and receiver for the
phase-lock motion transducer were turned off. -"As a general °
rule this would conclude work starting at 6:00 am and
ending sometime -after 3:00 am the following day.

The generel problems that prevented the rapid record-
ing of the data were involved in the motion of the water
~bath, hence moving the tube of low rigidity suppored only
at its ends, and in the problem of getting the displacement
transducer to follow the motion of the tube wall with a

-
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clean signal as determined by the output on the oscil;oscépe
screen, These two problems were not unrelated, The . motion
of the tube due ﬁokwater sloéhing may be greater'than'.ZOO
inch which is large enough fot the transducer to "break lock"
'and either lock at another frequency, or to simply shift to
its upper frequencf‘limit and not foilow any motion whatso-
..ever, Also it Qas necessary to continuously work with the
locking procedure to aphieve a.clean and'iocked signal once
 _ the tube had reduced its motion to an acceptable value of
.003 inch or less; The reduced motion was not only neces-“
sary fo;Aeffective operation of the phase-lock trénsducer,
but more specifically, to achieve a stable baseline frqm
‘which ‘to determine the height of the pulse. The'slow tube
motioﬁ of .003 inch amplitude and a peribd of one second or
more was accepted as stable for determining the height of the.
 10 millisecond pulse. The .003 inch amplitude of vibra@ion
was a worse case condition, and generally it was possible
to have the tube motion held to within less than .00l inch.
The variability noted in the data from the radial wall motion
emphasized the need Eofkeep the remaining variables minimized
in order that measurement artifacts would not add to the

already random nature .of the information.



APPENDIX B

WATER BATH CORRECTION

The presence.of the water bath surfounding the fluid-
filled tube was necessary to provide low loss medium to.
propagate the'ultxasound beam from the phase-lock transducer,
and to provide a near neutral density énvironment for the
 fluid-filled tube. Without the external water bath, the thin-
walled tube Qould have sagged and prevented performing'the
experimeﬁt with a hbfizbnta1‘£ube. The water bath modified
the~pro§agatidn of the wave by introducing an additional
massAsurrounding the tube. In order to determine the effects
on the propagation éonstant, the magnitude of radiant sound
waves and viscous drag were evaluated., The radiated wave
was calculated and experimentally méasured, while the
viscous drag was calculated, '

Radiatgd sound waves from vibrating tubes was
- considered by both Junger(68) and Greenspon(;8,4é,49).
5unger(68) predicted that sound'raQiation will hot take
place unless the rise times of £he pulses were at leasé,
two orders of magnitude smaller than those used in this
experiment, i.,e., rise times less thaﬁ‘.l'millisecond.
Greengpon(49), usihg a different method of solution, pre-

dicted the existence of 5 compressional wave at slightly
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gregtér than twice (2.10) that of Junger, simultanéous
pressure measurements from inside and outside the tube were
obtained. The pressure transducer was inside éhe tube aé
near -the piston as was practical (1/2 inch) to avoid
destroying the transducer diaphr;gm from over excursion of
the piéton, and the transducer outside.the tube was mounted
next to the tube wall with a gap of less than ,030" between
the diaphragm and the'tubg'wall. This gap was exceedingly
small with a .125" aiameter transducer but represented a
worst case situation. The pressure ratio across the tube
wall (P_/P;) in this case was less than 10"4. From the
two literature sources and the experiment iﬁ was.concluded
that the pulse wave generated a negligible compressional
wave in the water bath, and hence the externai pressure
could be neglectéd.

The consideraﬁion given té viscous damping from the
water bath was detetmined by approximating the viscous drag
from the Navier-Stokes equation. The viscous effects are

described by the.relation

e -
For an incompressible £luid surrounding an axisymmetric tube
moving radially with a velocity ﬁr' the velocity gradient at

-

the wall is

'%E.g. -3
T T

-
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L The viscous d;ag from the water bath will be

'
fr < -4";

For a radial displacement of .010 inch in ;010 secéhd

u = layw = l-ihch/second
The viscdus force at the wall ié:.

£, < 1.11 x 107° pei.

The viscous drag is negligible in compérison to the
centerline tube pressure of the order of .10 psi.

The alteration in tﬂe propagation velocity was pre-
dicted by both Junger(68) and Greenspon(49) to be an inductive
effect from the added mass of the water surrounding the tube.
Womersley(149) used this same approach in accountipg for the
added mass of the tissue surrounding the'pulsating artery.
Whatever method is used, the effeét is to increase the mass
“in thg expression fof the wéve speed; hence, producing a

slower wave speed. This represented as:

-"ézh
C =VzapR
Experimental data predicts that the value for a should be

. 1.75 for the case of a fluid-filled tube in a water bath

with a propagating wave of .010 seconds rise time, The
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dilational wave velocity was hot observed to be affected by
this correction as it is 9sseﬁtially axial motion of matefial
in the wall with negligible fluid motion. This is‘coﬂtrasted
to large fluid motion. This is cqntrasted to large fluid
motion associated with the radial defbrmaﬁion of the pulse

wave,



APPENDIX C

PHASE-LOCK. MOTION TRANSDUCER

‘The motion of the tube'wail.was measured with the
use of a phase-lock ultrasqund trahsduéer. _This prototype
device was deveioped at the University of Washington Bio-.
engineering Department for use in'transcutaneouslyAand |
nontraumatically measufing the motion of biological structures,
The potential of measurement of arterial wall motion or the
motion structﬁres of the heart such as valve ieaflets were
presented as botentially valuable sources of diagnospiq
information. |

| 1he phase-lock is based upon a new type of ultra-
sonic circuitry. ?wo.ul;:asonic crystals are used in the
transducer, one for transmission. and the other for receiv?
ing the reflegting sound beam. The received sgundhbeam is
composed of béth'adleakage signal.from.the tranémitting

crystal, and a returned signal. from the reflecting interface. °

reflected signal

-

leakagé sig§§ll

Figure C-1 Composition of returned signal
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The reflected wave is represented as:

a=Acos (wt - 0)

where
.00 = 2ux/c

X = distance from transducer
to reflecting surface

| : :
¢ = propagation speed of sound
wave

. The phase angle can be changed by alterations in either thg
frequenéy w or the distance x . What, in fact, happens with
‘the4phase lock circuitry, is that. the bhase angle remains
constant by changing the frequency of the oscillator as the
distance x is changed. | ‘

The diagram of the phése-lock ciécuit is shown in
Figure C-2, | |

The signal which is received is passed through a
limiter to produce a signal of the same magnitude of the
transmitted signal, and thén goes to a phase detedtor where
it is’compared with the transmitted signal, Because the
leakage is'largef than the reflected signél, and of a
capacitive nature, the feceived signal is essentially 90°
out of phase with the'transmitéed signal, The}phase
detector ié designed to produqe a signal that is proportional
to the amount that the phase difference between the trans-

mitted and received wave differ in phase from 90°,
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-
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This error signal is used to‘control the voltage-controlled-
oscillator in the transmitter; hence, the frequency of.tne
transmitter 'is controlled to keep the phase angle of the.
" returned signal a constant value. The output signal from
the phase detector is used to indicate the position of the
: reflecting surface. _ -
Figures A-1 and A-4 in Appendix A show the components
~ in the constructed form., The circuitry consisted of separate'
transmitter and receiver units with the transmitting and
receiving crystals mounted in a lucite fixture which could
be positioned-exterior to the tube., The output signal was |
displayed on a storage oscilloscope.

The calibration of the phase-lock transducer was per-
formed by using the face of the piston as the reflecting
surface. Both static and>dynamic'resuits could be obtained -
in ‘this manner. The static calibration was obtained by
moving the armature of the shaker with a micrometer mounted
to the shaker-body. Figure C-4 shows the static calibration'
of the transducer. The spacing dsga in the -experiment was
+400 inches as this_was'the point where the sound beams from
the two crystals‘were'focused. The sensitivity of the unit,
accounting for the inherent instrument noise, was such. that -
motion less than .0005 inch could_be‘accurately measured.

Figure C-5 shows the dynamic calibration of thevpnase— '

-

lock transducer at .400 inch spacing from the piston face,
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and operating at 4.8 megahertz. The output from the phase
track is compared with that frofn the LVDT, at_frequencies
up to 100 hertz. The response of the unit was within.the
range where no correction was made to the output to account
for dynamic errors in terms of phase shift or attenuation.

Qperation of the phase-lock transducer is highly -
. dependent upon operating in the range of the focus of the
sound beams. 'Whenvthe’spacing is greater or less than the
focus length of 400 inches the beam is difficult to 1ock
on to an operating frequency, and the output displayed on
the oscilloscope was not the stable and realitively clean '
signal: achieved at the focused spacing. The choice of the
operating frequency was determined from two sources,“l)wthe
| operating characteristics of the crystals were not adequate
‘below 4 7 megahertz, and 2) the signal'was cleaner and
| easier to achieve lock at 4 8 to 5.1 megahertz, ﬁence, 4,8
megahertz was normally chosen as an operating frequency. ‘
A'check_on two experiments were 4.8 megahertz was the
. nominal frequency showed that the average frequency was

4,805 megahertz with'a.standard deviation of .021 megahertz.-



186
' APPENDIX D
‘ PROPAGATION PARAMETERS 'OF NONUNIFORM TUBES.

The development of a linearized relatlon for the reflectlon
coeff1c1ent can be obtained from a transmission line analogy. The
Fluld mass is represented by the 1nductance and the elasticity of
the vessel wal; by the capacitance. ' In terms of the electrical

analog, the relations for mdmentum and continuity are:

L(x 2L

oo @ @
?‘lH xlt’!
ﬂ
°’|

E ’ . . . .
Gt 5 . (1)
The characteristic impedance is:

L(x)

a2x) = e o ‘(2),

The nominal wave velocity is:

atx) = [L(x)cp(x)] 7 @

The analogies for inductance and capacitance are:

L(k) = pf . . . (4)
_13a. . o :
CP(X) = 23p | | : ) . (5)

The deveiopnent of (5) inparts the vessel wali nroperties
into the continuity,equation by using'a hoop stress model for
‘the wall. The development of (5) can be used to show the origin
of the Elastic Modulus Ratio used to identify the effective
.change in propefties of a hardened section of a tube. Fot the

uniform tube:'

! F<"&¢

Tdo = IR - (6)
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the strain is:

e_d0=rd .
®=E "ER L m
In terms of a uniform displacement: .
' . dr : : ' '
€E = — , :
= (8)

The cﬁange in area.is: _ . _
| dA-= 2mr dr (9.

Equate (7) -and (9) to get the capacitance:

Cp, “ALP " Eb - (o)
For an elastic modulus changing about the circumference of
the tube (E= E(G»; 7 becomes:

rdp 1

e(6) =. h E(0) _ (11)
The change in circumference is: : '
: 21 . 27 . : ,
f . _ .| xd , '
Acirc '—fo ACire !W;Lh' rde . : (12)
For a small.change in circumference:
Acirc = 2mdr | o (13)
Equating (12) and (13): 2
. L
' ' a1 xiAp de :
ar = 3 Th -’; E(0) - (14)
"From (9)3 | ‘ 1 | '
, ; - t’dP[ -d0 o .
A = =nJ Eley . (15)
The expression for capacitance is:
S 27 ' :
_ r do .
Cp = ﬁfo—m 5 (16)
' In terms of the original ‘capacitance:
' l E 2"de"
fud- B

C. =C, '
2 E(0) 17
.P. Po "o , ( )
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The expressions for wave speed are:
Unifbrm tube: -
C = —E.dl_
(-]
. . Uz:pf'

c
C= C

7 1

2
. (Eg’ de .2
[‘21{-[(; E(oy)

(18)

(19)

The effect of the axial léngth of the hardened section will

the corresponding form:

Figure D-1  Pressure versus Axial Position

be inveétigated in ferms of the changed impedance. The effect of
the altered section will depend on the section length to pulse length

From a tube shown below, the pulse amplitude will be of

The capacitance is taken to be tﬁat of the iising poftion of

that which is seen from the proximal edge of the section.

N

the pulse wave. The .effect of the hardened section will be determined

‘by the wave speed of the section where the effective tube length is

The

capacitaﬂce will be the prdportionél;sum‘of the two sections.
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for .
Ax ¢ a¢
c
L Atr . 4 X ax/ay Atr
C.= = ;E = m— B QE + g& -
| Atrch(x) c ot f 0p1 c cho c
o o .Ax/al
- - r , r
Ax .
~c 2 At
=%, S (21)
Inserting the values for épo and cpy and rearranging:
.27 T . '
cC =-C E, de - Ax E do -
Pp= "p, (5% 1)) ]) Cat_ 2r) By * 1 (22)
: _ o o o oo '

Making the following definitions:
' , 2T
E ae '
* ==v .
Bf=Vor | Bty (23)
N 4 ‘= (E*S-E*) .

Ax o
CoAtr (24)
Substitute (23) and (24) into (22):

C,=0C, | :
D p0(1+;). , (25)
‘The reflection coefficient is defined:
: _ Ay _ Z-Z, -
Cref = &, = z¥2, . (26)

Substitute (2) into (26)

_Vz/cp VL /cp,
L/Cp VL /Cp,

Substitute (25) into (27) and note L=L,:

“ref (27)

-



ref ) ' A
o .]_.|.'VC+1 . ' . : ‘(28)
In terms of ¢ we have:

==(J,+cref)2 -1 - ‘. (29)

ef

Equate (24) and (29) and rearrange

: "1-C 2 C.At
*3 - g% - (__xef r _
E E* + [1 (1+Cre 5 0 (30)
Define:
(I-Cref) ‘ o
RA = (35— : (31)
- _+cref o
QoAtr )
XS = x ' ' (32)

Substitute (31) and (32)-into (30):

E*? - E* = (1-RA%) XS = 0
* This is a cubic equatibn in E¥*, fhe solution to a cube
equation of ghis‘form is as follows: |
Forbthe equation:
| | y' +py +g=0
The roots are: | |
|  y; = A+B
Yy, = St O3
The speclflc values for A and B are:
w,_i +\f-
3 2
Q=B+ <g),
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' The values from (33) are:

P=-1

g = (1-RA?)XS

z_ 1
A= [(RA 1)xs V-5 + 1B hxs2 0
T 1
3= (B hxs A\ L+ (R hxer? o
Thé solution for (33) is:
E*= (RA 1\xs PVLZ% [(M;"l‘)xs]2 ];l

- ‘DA 2- : 2_ _ 1
+[(RA21)XS_-V__2_}I._[(RA2 l)XS']z ]3

. (34)

After replacing the respective values we arrive at an ex-

_pression for evaluating the Elastic Modulus Ratioifrom'expgri—

"mentally determined values.

. ' 0 '%
2“ ( ;_Cref)z_l q 1- cref) -1 2
E d (l-&-cref ) CoAtr 1+C ) CoAtr] 1
o : _— .
< r - -
2T Jo E( 2 ) Ax ' P Ax 27 l.
1-C "
ref ref 2
A ppoazegy® oy <1-———> -1
_ +I I+C ¢ Colt, +C C°Atr] 1
\ s | &x . T2 Ax )27

w

(35)



APPENDIX E

' MECHANICAL PROPERTIES OF RUBBER TUBES

.The dynamic mechanical properties of the rubber used’
in fabricating the tubes was determined to be a critical
aspect of the'interpretatien of the results. A carefully
conducted emperimental technique mas performed utilizing'the
equipment designed and assembled by Dr. C, Daly, Dr. J. D.
Chalupnik, and Mr,., James Danberg. .Rubber, a long chain
polymer exhibits viscoelastic behavior at the loading rates
imposed in the,ekperiment of which the viscous element.
contributes 5 to 10% ofithe total absolute value of the
effective modulus.

The determination of the mechanical response of rub-
ber has been explained with the use of Gaussian statistics
on the polymer matrix., This has resulted in a formulation ”
of the mechanical response with only one independent constant
in addition to assuming ‘rubber to be incompressible. The
single constant.representation has only.been adequate for
small deformations. In order to explain the mechanical
behavior of rubber experiencing extension ratios greater
than 125% up to as much as 600% it has been necessary to
use a phenomonological approach which involves a power

series expansion of the‘}esnonse function. The Mooney



193 °

formulation depicting the'reéponse.df ¥ubber is dependent
on two independent cénstants'and has been shown tO'bé.'
-adequate fp? £he description'of moderate to large défbr-
‘mations.. However, the strains‘encountereé in this study .
' Wwere less than ,02 with the result being that the single
constant representation was adequéte;" |

_The dynamic behavior of rubber has been described
by many various'combinat;ons 6f.springs and dashpbts, the
Maxwell and the ‘Voigt models being the most commonly used
_ forms. -These have been extended to combinations of these
elements, and further to the representations utilizing
disﬁribﬁtion functions for.relaxation times., At the
‘present time this émounfs'to a convenient means of repre-
senting experimental data, having little relation to the.
.ﬂetwork behavior of the aeformétion. The commonly used
yrepresentation of rubber is the'Voigt model inco;porating

a dynamic modulus of the form:
‘G* f G, + iG2

: The_experimehtal detérminétion of the dynamic,élasﬁic
has utilized the Voigt model as a representation of the
respbnse of the rubber. The samples which were evaluated
were cut to the.same form and mounted in the visture as |
shown in Figure ?-l.' The lower fixture attached éo the
" load ce}l and the upper fisture attached to an electro-

magnetic shaker which was used to generate the dynamic
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load. An optical tracker was-cse& to monitor the motion
of the upper fixture by fcllowihg a target on.the armature
of electromagnetic shaker. The output from the load cell
was displayed on the vertical trace of a dual sweep
oscllloscope and the output from the optical tracker was
;displayed on the horizontal axis of the oscilloscope.

The data.was taken with a cyclic loading of the-
rubber at 25 Hertz., This was selected as the comparable
frequeacy‘tc the 10 millisecond rise time experienced in
"~ the single pulses which propagated along the fluid-filled
~ tubes of the experimental pcrtion of the study. The
results-which are presented in Figure E-2 use the magnitude
of the moculus at the loading rate to produce the effective
elaetic ﬁodulus for the material at the rate of loading used
in the experimental portion of the study. Figure E-2 shows
the effective modulus that was experimentally determlned
from this procedure. ' '

' The experimental equipment was not capable of
‘ experimentally acccrately resolving the vlscous componeht
of the modulus for the 20 durometer.rubbere. This
quantity was obtained from extrapolatedvdata from Payne"
and Scott(107) upon a suggestiop.made by Klip'in his
Theels(705, I
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APPENDIX F

REDUCED EXPERIMENTAL DATA
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