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ABSTRACT 

For many years there has been a great deal of rest in eval.uat- 
ing the mechanical. properties of ar ter ies  from studies on the propagation 
characteristics of the n 
t ively simple m t h a a t i c  els for  the mechanical behavior of the ves- 
s e l  w a l l  were used in  the analysis of data obtasled i n  these s t W e s .  Re- 
cently, more elaborate models have been proposed which predict the trans- 
mission of not only pressure or distension waves but a lso torsion and ax- 
i a l  waves. Measurements of the traasmission characteristics of one type 
of wave allow for  only a par t ia l  validation of the mathematical model 
since the mechanical prqperties of the w a l l  and the i r  frequency depnd- 
ence are unknown. A technique t o  generate all .t;hree types of waves and 
monitor their transmission characteristics, speed and &aping, was there- 
for  devised. 

pressure wave induced by the heart. Rela- 

The transmission characteristics of a r t i f i c i a l ly  induced pressure, 
torsion and axial waves were determined in the exposed carotid artery of 
6 dogs while at least one of the three types of waves was  studied i n  25 
other dogs. The animds were mature male mongrels of unknown age, weigh- 
ing between x) and 4.0 kg. They were anesthetized with 30 mg/kg i.v. sodium 
pentobarbital (Nembutal) and were kept in the supine position throughout 
the experiments . 

Complex Fourier analysis and the interference of wave reflections 
were eliminated by the use of s m a l l  amplitude, f i n i t e  trains of sine waves. 
These were generated by a spli t-ring collar device placed around the ves- 
sel and attached t o  two electromagnetic shakers. One of these generated 
simultaneously pressure and axial waves while the other induced torsion 
waves. The peak-to-peak amplitudes of the pressure waves were less than 
10 mm Hg and those of the torsion and axial waves were less  than 2 mm. 
The frequency range covered was 20-100 Hz w i t h  some data on pressure and 
axial waves taken i n  the range 20-200 Hz. 

The induced w a l l  displacements were monitored w i t h  the aid of a 
pair  of electro-optical tracking units equipped w i t h  a lens system tha t  

-4 allowed for  a resolution of 2 x LO 
low the 

cm. These devices were able t o  f o b  
er targets attached t o  the vessel at two points 
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addition, the r 
h experiment and averaged 

e speed of the natural pressure wave i n  the 
carotid artery together with +he naturally occurring w a l l  motion w a ~  also 
measured. 

The results indicate that the a r t i f i c i a l  pressure wave is  non-dis- 
persive with a speed of about ll m/sec while the torsion and axial. waves 
are m i l d l y  dispersive w i t h  speeds of 15-24 and 25-35 m/sec, respectively, 
for  frequencies from !20 t o  100 Hz. Theoretical results based on an iso- 
tropic model of the vessel w a l l  predict Uzat w i t h  the speed of the pres- 
sure wave given above the torsion and &a;L waves should t ravel  about 
twice as fast as w&8 found i n  these experiments. This diserepency mqy be 
interpreted as an indication of an anisotropic w a l l  behavior. Specifically, 
the vessel appears t o  be approximately twice as extensible i n  the axial 

as i n  the circumferential direction. 

pattern of the form A/% = exp(-k &/A> where k is the logarithmic dec- 
rement and  AX/^ is the distance traveled i n  wavelengths. The values for  

the order of 1.0 fo r  pressure 

The attenuation of all three types of waves follows an exponential 
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INTRODUCTION 
Background Information and Motivation 

Medical researchers have long been interested i n  the elast ic  be- 
havior of blood vessels. This interest  can be attributed t o  a variety of 

ailments and, i n  general terms, t o  the v i t a l  role that  the proper e las t ic  
behavior of blood vessels plays i n  maintaining and regulating circulation. 
Besides this ,  the question of astronauts surviving space f l ights  involving 
weightlessness for  months or years and high decelerations during reentry 
has provided an additional incentive. It is expected that  the cardiovas- 
cular system of man w i l l  adapt i t s e l f  so well t o  the weightless s t a t e  
that it can no longer cope with reentry conditions a f te r  a long space 
flight unless an exercise or conditioning program is devised for  the as- 
tronauts. We know from experience that after prolonged bed rest--which 
can be interpreted as a pa r t i a l  simulation of weightlessness--the cardio- 
vascular system shows signs of deconditioning. This manifests i t s e l f  by 
a reduced t i l t- table tolerance o r  by orthostatic hypotension and syncope, 
which is attributed to  an excessive diminution of the cardiac output caused 
by the pooling of blood i n  the lower parts of the body. This pooling is 

due t o  a reduced ab i l i ty  of the veinst0 r e s i s t  the higher transmuralpres- 

sures induced by the hydrostatic head. 
It appears that the prolonged absence of normal stimuli such as 

the variation of the hydrostatic pressure with posture could cause the 
walls of blood vessels to  become more elastic.  Since gravity-induced s t i m -  

u l i  are absent during zero-G flight, we m u s t  expect a loss of the ab i l i ty  
of the vessels t o  resist deformation a t  higher pressures, which theoretic- 
ally could prove fatal during reentry conditions. To prevent this,  we have 
t o  devise not only an exercise or  conditioning program fo r  astronauts, but 
also reliable methods of measuring changes i n  the elast ic  behavior of 
blood vessels. Such methods could then be used t o  determine the effective- 
ness of an exercise or  conditioning program during a prolonged space flight. 

Besides this ,  they m i g h t  lend themselves t o  various cl inical  applications 
and possibly to  the early detection of atherosclerosis. 

Ideally, the measurement of the distensibli ty and e las t ic  proper- 

t ies of blood vessels should not require a penetration of the skin. A 
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nontraumatic method could for  example be based on the fact  that  certain 
characteristic features associated with the generation and transmission 
of sound or  pulse waves in  a given medium can be related t o  the elast ic  
properties of that  medium. It has long been known that  the speed of a 
pressure pulse in  a blood vessel is an approximate measure of the elast ic  
behavior of the vessel. I n  view of the f ac t  that the elast ic  behavior can 
change quite rapidly with time and varies with size, location and nature 
of the vessel, a method based on wave generation and transmission would be 

particularly appropriate since it yields essentially local and instantan- 
eous values. In the case of arteries we could u t i l i ze  the natural pulse 
wave generated by the heart as has been done for  more than a century, while 
for veins we would have t o  generate an a r t i f i ca l  pressure wave. The effect- 
ive Young's modulus, E, could then be estimated with the aid of the Moens- 
Korteweg equation 

lib v2 = - 
2 P p  

if the wave speed V, the radius of the vessel a, the w a l l  thickness h and 
the blood density pf are known. Estimates for  E obtained in  th i s  manner 
from a single wave speed measurement can, however, not be expected t o  be 

sufficiently accurate t o  ref lect  reliably changes in  the effective Young's 
modulus of the vessel w a l l .  The Moens-Korteweg equation is based on an 
extremely simple mathematical model for  the mechanical behavior of blood 
vessels and the i r  surroundings. While most noninvasive techniques currently 
available will only measure the wave speed V, the  application of a pulsed 
laser doppler flow meter ma;y provide the abi l i ty  to  monitor also the w a l l  
thickness and diameter of the vessel nontramatically. 

Amore precise quantitative description of the wave transmission 
characteristics i n  terms of the physical and geometric properties of the 
blood vessels is obviously needed. As w i l l  be shown i n  Chapter I, the 
vessel can transmit basically three types of waves--a distension or  pres- 
sure wave, a torsion wave and an axial wave. The transmission character- 
i s t i c s  of each wave depends on the elastic or  viscoelastic properties of 
the vessel w a l l  along with a number of other parmeters (also to  be men- 
tioned i n  Chapter I). If the vessel w a l l  happens t o  be nonistropic, then 
mea smad only one typ wave would provide insufficient 

2 



information from which to deduce the true viscoelastic properties of the 
vessel. It thus becomes necessary to study the dispersion and attenuation 
of the three types of waves mentioned above in a particular vessel under 
various conditions in order to check the validity of any mathematical 
model used to deduce the mechanical behavior of blood vessels. 

To this end a series of experiments have been conducted to meamtre 
both the phase velocity as a function of frequency {dispersion) and the 
attenuation of pressure, torsion and axial waves in the carotid artery of 
anesthetized dogs. In addition to studying the transmission characteristics 
of each wave in the exposed artery, studies were also made to determine: 
a) the speed of the natural pressure wave and the magnitude of any nat- 
urally occurring wall motions, b) the effect of changing the transmural 
pressure levels in the artery on the transmission characteristics of the 
vessel wall, c) the linemity of the mechanical behavior of the vessel 
wall by changing the amplitude of the three types of waves, d) the effect 
of changes in the initial stretch of the vessel and e) the effect of the 
surrounding medium on the dispersion and attenuation of each wave. 

The carotid artery was selected because of its favorable geometry 
and ease of accessibility. 
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I. THEORETICAL sTUDm 

Considerable e f for t  has already been made t o  predict the transmis- 
sion characteristics of sinusoidal pressure waves i n  blood vessels by 
ut i l iz ing various kinds of mathematical models for  the mechanical behavior 
of ar ter ies  and veins. Significant theoretical contributions are attributed 
t o  Witzig (l), Iberall  (2 ) ,  Morgan and Kiely (3), Womersley ( k ) ,  Hardung ( 5 ) ,  
Klip (6) and other investigators. Reviews of theoretical as well as ex- 
perimental studies of waves in  blood vessels and the mechanical behavior 
of ar ter ies  and veins i n  general have been made by McDonald (7 ) ,  Fox and 
Saibel (8 ) ,  Rudinger ( g ) ,  Skalak (10) and Fung (11). 

From recent theoretical studies (12,13) we know that  blood vessels 
can transmit three different ty-pes of waves i f  they behave l ike  fluid- 
f i l l e d  circular cylindrical shells.  Tn these studies the waves are char- 
acterized by their  mode shapes which are defined i n  terms of the displace- 
ment components U,V,W of a.n arbitrary point of the middle surface of the 
she l l  as i l lustrated i n  Figure 1. The waves are distinguished by the dom- 
inant displacement component at high frequencies. Accordingly we denote 
them as axial, torsion and distension waves. Each of these three types 
of waves has dis t inct ly  different transmission properties. Moreover, these 
properties depend strongly on whether the mode shapes are axially symmetric. 
When we r e s t r i c t  ourselves t o  &symmetric waves, the results of a para- 
metric study made i n  references (12) and (13) reveal the following char- 
ac te r i s t ic  features of the three types of waves. The distension waves are 
only mildly dispersive and have a relatively low speed for  either the 
e las t ic  o r  viscoelatic case. They are  associated with strong intraluminal 
pressure fluctuations md are therefore also referred to  as pressure waves. 
The torsion waves are nondispersive for  e las t ic  vessels and mildly dis- 

persive for viscoelastic shells.  They are somewhat fas te r  than the pressure 
waves and theoretically do not produce any pressure perturbations for  
&symmetric modes if  the f lu id  is  inviscid. Finally, f o r  both elast ic  
md viscoelastic walls, the axial waves also exhibit relatively m i l d  

dispersion and have the highest speeds. When the f lu id  can be considered 
as inviscid they exhibit only minute pressure fluctuations. 
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Jones et al. (14) have studied from a theoretical standpoint the ef- 
fect of blood viscosity and external constraints on the transmission char- 
acteristics of pressure and axialwaves. Their results indicate that for 
frequencies in the range 20-200 Hz the effect of blood viscosity on the 
speed of the pressure wave is minimal while a slight rise in the speed 
of the axial wave with increasing frequency is predicted as a result of 
viscosity. They have also predicted that blood viscosity w i l l  have little 
effect on the damping of the two types of waves at high frequencies. 

Meanwhile, Wells (15) assumed an orthotropic, elastic shell model 
for the vessel wall and carried out an analysis similar to that of Anliker 
and Maxwell (12) to predict the transmission characteristics of the three 
types of waves. 

The relevance of these theoretical findings depends, of course, on 
the validity of the mathematical model that was introduced in the analysis 
for the mechanical behavior of the blood vessels. Of particular significance 
in the prediction of the wave transmission characteristics are the conseit- 
utive laws obeyed by the vessel wall. For instance, in reference (13) the 
wall was assumed to be isotropically and linearly viscoelaStic, incompres- 
sibile and behaving like a Voigt solid in shear. Since the wall properties 
are wiknown, they are considered as free parameters in the mathematical 
model and are to be determined from experimental wave transmission data. 
The viscoelastic properties can for example be evaluated by measuring the 
propagation characteristics of one type of wave. Knowing these parameters 
we can then predict the dispersion and attenuation of the other two types 
of waves and by comparing them with the transmission data obtained for 
such waves we can examine the overall validity of the mathematical model. 
By proceeding in this manner it should in particular be possible to assess 
the assumptions made regarding the viscoelastic and isotropic behavior of 
the wall. 

There are a number of properties and parameters which may effect 
the transmission of the various types of waves. They may be summarized as: 

1. Elastic properties of the vessel wall 
2. Diameter and geometry of the vessel wall 
3. Thickness of the vessel wall 
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4. Density of the vessel w a l l  
5. Density of the blood 
6. Viscous properties of the vessel wall 
7. Compressibility of the blood 
8. Viscosity of the blood 
9. Transmural pressure 

10. Nature of the wave being transmitted 
11. bngitudinal s t re tch of the vessel 
12. Mean flow and nature of the flow 
13. The surrounding medim of the vessel. 

Items 1-8 above are generally beyond our control and thus cannot 
be varied in  a systematic manner. Items 9-13, however, can be varied t o  
some extent in  an effor t  t o  determine changes i n  the transmission char- 
acter is t ics  of the various types of waxes i n  response t o  these varied par- 
ameters. Maxwell and Anliker (13) have carried out a parametric analysis 
i n  which they have varied the transmural pressure and the in;t t ial  stretch 
(i.e. tension) of the vessel along with variations i n  such parameters as 
w a l l  thickness t o  radius ra t io  and w a l l  viscosity. Their purpose was t o  
establish, theoretically, the effect  of parametric changes on the disper- 
sion and attenuation of the three types of waves. 

Since the physical dimensions af the vessel as well as i ts  i n i t i a l  
s t re tch m a y  effect i ts  transmission characteristics, data was taken on 
the radius and w a l l  thickness of the vessel together with the in-vivo 
s t re tch present. The diameter and twice the w a l l  thickness of the exposed, 
in-vivo artery were measured with the aid of a cali2er and the data are 
given i n  Table I. Also shown i n  Table I are in-vivo s t ra in  values determined 
by noting the decrease i n  length of an a r t e r i a l  segment upon being excised 
and drained of blood. 
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Experiment 

TABLE I. 

DATA ON DIAMETER, WALL THICKNESS AND IN-VIVO STRAIN 

OF LEFT CAROTID ARTEBIES IN DOGS 

235 
2% 
240 
272 
276 
280 
285 
290 
295 
297 
302 
314 
323 
325 
326 
327 
332 
334 
336 
337 
338 
339 
347 
348 
349 
352 
353 
354 
354 
361 

Weight 
(kg) 

28.6 
35.4 
27.2 
25 .o 
38 *o 
21.4 
18.6 
34.5 
24.6 
30 -0 
31.4 
27.6 
20 .O 
23 .O 
17 03 

23.5 
22.6 

25 -0 

25 .o 
24.5 
21.0 
26.8 
28.6 
36 90 
39 -0 
23 .O 
30 .O 
30 -0 

23 .O 

37 00 

2a 
(mm) 

5 .o 
5 -0 
4.5 
4.0 
4.5 
5 00 
4 .O 
4.5 
4 .O 
5 -0 

5 -0 
4 .O 
4.5 
4.0 
4.5 
3.5 
4 .O 
4 .O 
6 .o 
4 .O 
4.3 
4 .O 
4 .O 
4.2 
5 00 
4.0 
4.0 
4.5 
5 00 

- 

* 

2h 
- 
.8 
*5 
-5  
-5 
*5 
-5 
- 5  
-5 
95 
-5 

*5 
05 
-5 
05 
- 5  
e5 
-5 
-5 
-7 
05 
*5 
*5 
.8 
.5 
e5 
95 
*5 
-5  
.8 

* 

a b  1 
(4 - -  

6.2 7.7 

8.0 6.5 
9.0 7.3 

10.0 7.0 
8.0 6.0 
9.0 4.7 
8.0 5.3 

10.0 5.4 
* 7 -4 

10.0 10.7 
8.0 4,O 
9.0 6.3 
8.0 5.8 
9*0 5.9 
7.0 4.9 
8.0 7.0 
8.0 8.3 
9.0 5.2 
8 .o * 
8.6 5.1 
8.0 5.1 
5.0 5.8 
8.4 4.2 

10.0 6.0 
8.0 8.3 
8.0 4.0 
9 *O 6.6 
6.2 4.8 

10 .o * 
9.0 7.0 

2a = outside diameter at  normal blood pressure 
h = w a l l  thickness, in-vivo 
1 = in-vivo length of the vessel segment 
1 = excised length of the vessel segment 
*O indicates that no measurements were m a d e  

1 
( em? - 
5.8 

4.8 
5 *o 
4,6 
4 -9 
4.3 
3-5 
4.4 
3 09 
6 .o 
6.5 
3.0 
3.8 
4,2 
4 .O 
3.1 
4.6 
6 .o 
3.5 

3-6 
3.5 
4 .O 
3 *O 
4.5 
6 .o 
2 e9 
4 .8 
3.3 

* 

* 

Wl0 
- 

33 

e25 
0 3 0  
* 59 
-30 
-39 
34 

e 21 
.38 
* 23 
.65 
33 

.66 
e 3 8  
-48 
*% 
52 

* 37 
048 

.41 

.46 
45 

.40 
0 33 
-38 
0 3 8  
37 
45 

* 

* 

Average radius t o  wall thickness ra t io  (a/h) = 8.5 
Average in-vivo s t ra in  (m/1 ) = -40 

0 
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11. PREVIOUS EXPERIMENTAL INVESTIGATIONS 

So far, most of the experimental wave transmission s 
blood vessels have dealt with the natural pulse wave gener 
heart. Particular efforts have been made t o  deduce information regarding 
the mechanical properties of arteries from the propagation characteristics 
of individual harmonic components of the natural pulse (7,16)* The results 
obtained i n  th i s  manner are based on the assumption that  arteries behave 
l ike  l inear systems with respect t o  large amplitude pressure waves. When 
one considers that  a.n average pressure pulse of 40 mm Hg can produce 
changes in  the w a l l  stress of the order of 10 percent of the effective 
Young's m o d u l , ,  the assumption of l inearity m u s t  be regarded with reser- 
vation. &deed, recent investigations have provided new evidence for  a 

nonlinear behavior of the vessel w a l l  w i t h  respect t o  large amplitude 
pressure waves (17,18) 

Rather than ut i l iz ing the natural pulse, some investigators (l9,2O, 
21) have a r t i f ica l ly  induced transient pressure signals by means of an 
injection device or  an electrically driven impactor. These signals were 
also of large amplitude and therefore l inear analysis of them would be 
subject t o  the same criticism as that applied to  the harmonic analysis 
of the pressure wave generated by the heart. 

The propagation characteristics of waves i n  a given medium are 

usually described by the dispersion and attenuation of small harmonic 
signals, i.e. by the speed and decay of inf ini te ly  long sinusoidal waves 
as a function of frequency or  wavelength. Since we i n  real i ty  have signals 
of f i n i t e  length and media of f i n i t e  dimensions that  m a y  exhibit nonlinear 
phenomena, the determination of these properties can i n  some cases be en- 
cumbered by uncertainties and may generally require laborious computations. 
The uncertainties w i s e  when the waves are not sufficiently small or  con- 
ditions prevail that do not just i fy  the assumption of a linear behavior 
of the system or  when reflections modify the transient signals of interest .  
Extensive computations may have t o  be performed when the wave is of ar- 
bit rary shape since then the Fourier transform of the propagating signal 
has t o  be evaluated at  various locations within the medium i f  i ts  wave 

transmission ch t e r i s t i c s  are to  be described i n  terms of the speed 
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and attenuation of harmonic waves as a function of frequency. 

For a mildly dispersive medium, i.e. one i n  which the phase velocity 
varies by no more than a few pement whenever the frequency is changed by 

10 percent, the need fo r  Fourier transform computations can be circumvented 

i f  the transient signal is of the form of a f i n i t e  t r a in  of sine waves. 
As shown i n  Figure 2, the Fourier spectrum of such waves is dominated by 
the frequency of the sine waves i n  increasing proportion t o  the length 
of the trains.  Therefore, the speed of such a signal can be considered a 
good approximation of the phase velocity corresponding t o  the frequency 
of the sine waves. Also, it is possible t o  avoid the interference of re- 
flections with the transient signal i f  the signals are sufficiently short 
i n  duration or  i f  the medium exhibits strong attenuation. For sufficiently 
high frequencies and short t r a i n s  the waves can be recorded before the i r  
reflections arrive a t  the recording si te.  In the case of strong attenua- 
tion, the reflections of a s m a l l  wave may be completely damped out before 
they reach the transducer location. 

This approach has been succesfully applied by Anliker e t  a1 (18) 
i n  a recent investigation of the dispersion and attenuation of pressure 
waves (distension waves) i n  the thoracic aorta of anesthetized dogs. The 
results of t h i s  study show that  for  frequencies between 40 and 200 Hz the 
aorta exhibits ocly m i l d  dispersion but exh2bits strong attenuation that  
can largely be attr ibuted t o  dissipative mechanisms i n  the vessel w a l l .  
A t  normal blood pressure levels the wave speed during diastole can have 
a value between 4 and 6 m/sec. Moreover, for  a11 frequencies considered, 
the amplitude r a t io  of propagating waves exhibits the same exponential 
decay pattern with distance measured i n  wavelengths. 

These methods have also been applied t o  the study of wave trans- 
mission characteristics of pressure waves i n  the abdominal vena cava of 
anesthetized dogs by Anliker e t  a1 (22). 
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To-measure the dispersion and attenuation of the various t n e s  of 
waves, f i n i t e  t ra ins  of sinusoidal axial  and torsional displacements were 
induced i n  the walls of surgically exposed carotid ar ter ies  of anesthetized 
dogs. They weighed between 20 and 4.0 kg and were anesthetized with approx- 

imately 30 mg/kg i.v, sodium pentobarbital (IWembutal). Tfiroughout the ex- 
periments the dogs were kept i n  the supine position, 

The surgical exposure consisted of making a s m a l l  incision i n  the 
clavicle region of the neck and exposing the right omocervical artery. 
This artery was cannulated with a flexible, radio-opaque catheter attached 
t o  a Statham P23Dd arterial pressure transducer. The t i p  of the catheter 
w a s  positioned i n  the brachiocephalic artery at  the root of the carotids 
with the aid of an X-ray fluoroscope. The blood pressure was monitored 
throughout the experiment as an indicator of the general physiological 
s t a t e  of the animal and also an approximate measure of the blood pressure 
i n  the carotid arteries.  

N e x t  a midline incision approximately 20 cm long w a s  made on the 
ventral side of the neck and the right and l e f t  sternomastoideus muscles 
were separated t o  expose the sternohyoideus muscle layer. 

As shorn i n  Figure 3,  the comon carotid arteries i n  the dog or- 
iginate from the brachiocephalic artery and supply blood t o  the head and 
neck. Since the first branch of the carotid artery (cranial thyroid) is 

located 15 t o  20 cm above the brachiocephalic we thus have an unusually 
long section of branch-free vessel of nearly constant geometry. 

In each section i n  the chapter on Results and Discussion a detailed 
description of the particular surgical procedure used t o  study the various 
effects w i l l  be given. In general, the following procedure was used. 

The muscle layers surrounding the carotid artery were stripped 
away t o  expose the vessel over a distance of 10-15 cm. In addition, the 
vagus nerve and carotid sheath were separated from the vessel over i ts  
exposed length. 

The transmission of the pressure waves was determined by one of 

two methods. The needles from two pressure transducers of the ty-pe shown 

i n  Figure 4 were inserted into the lumen at  two points 3.5 and 8 cm apart 
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ressuxe c e l l  

mm Hg. The output from the circui t  was amplified by 
means of an d t roda ta  Model 885 Dc amplifies. 

the aid of highly sensitive catheter t i p  capacZtance pressure transducers 
originally designed Tor wind tunnel model studies and adapted for physio- 
logical applications. The transducers used had a diameter of 1 mm and were 
mounted on a flexible catheter that encloses the electr ical  leads and a 
venting tube (Figure 5 ) .  The cel ls  form part  of a capacitance bridge and 
the signals are recorded af te r  amplification by a 100 KHz carrier amplifier. 
Their fundamental frequency is 82 KHz i n  air and they have a resolution 
of about .2 mm Hg and are linear within 1 percent from 0 t o  200 mm Hg. 

The catheter-tip manometers were inserted through two branches of 

the cranial thyroid artew. The transducers were positioned and the dis- 

tance between them measured with the X-ray fluoroscope. 
To monitor the axial and torsional w a l l  displacements small target 

collars weighing less  than .5 &m (Figure 6) were attached t o  the vessel 
3 t o  11 ern apart. They consisted of 2-4 mm sections of plastic tubing 

e the target t o  the carotid 

ters were avai 

units with lens conf'igura-tions allowing for  a 
d a frequency response in  excess of 2000 Hz. 
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Figure 5. Capacitance tyipe presswe transducer mounted on a flexible 
cahheter Tor physiological agp1;ications. Diameter = 1,O mm, 
Resolution approx&ma,tely ,2 mm Hgr  

Figme 6, Plastic tubing used as taxget coUax with threads t o  secure 
it t o  the vessel, Paper target shown wits gluedto  the collar. 
Weight o f  target and col lar  is l ess  than .5 @no 
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y a quastz iodine l ight  

-white interfa  
ted from the target 

The beam of electrons thus 
w a r d  a small aperature i n  f 

of electrons t o  be swept across the aperture. The output from the photo- 
multipier tube then shows a sharp jump (either increasing or decreasing 
depending on the orientation of the target)  when the electronic image of 

the l ine  of contrast passes the aperture. The point during the sweep a t  
which the current from the PMC changes is then read out of the instrument 
and gives the position of the black-white interface during tha t  sweep. The 
scanning ra te  is YKHz and the f i e l d  of view, resolution and working dis- 

tance are determined by the particular lens system employed. 

PHOTO- CATHODE APERTURE PLATE 
I 

TARGET 

f the PhyisTech Model 
king system. V is the 

. A  
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Two se t s  of perpendicular coils in  the optical  head allow for  the 
monitoring in  two orthogonal directions e i  

o r  separately without reorienting the opti 
allow for  selection of the tracking mode ( 
desired, adjustment f o r  various lighting c 
control of the output amplifier. 

simultaneously (biaxial ) 
ead. Front panel controls 

a1 o r  biaxial)  
ions and f o r  zero and gain 

The signals from the pressure transducers, including the Statham, 
and the optical  trackers were recorded on a Honeywell Visicorder with gal- 
vonometers whose frequency response is f la t  up t o  2000 Hz and paper speeds 
up to  2 m/sec, The Statham transducer, pressure ce l l s  and the optical  
tracking units inexuding all amplifiers and recording devices were cal- 
ibrated for  each experiment. 

The generation of pressure and axial waves w a s  accomplished with 
the aid of two similar devices. The first consisted of the plast ic  collar 
shown in  Figure 8, It was attached t o  the vessel 2 t o  4 cm from the first 
target or  transducer and connected t o  an electromagnetic shaker. Again, 
various sizes were available t o  adapt t o  the individual axtery. The collar- 
artery interface was padded with short pieces of braided umbilical tape 
t o  insure good mechanical coupling. In a l l  cases the constriction of the 
vessel vas less than l’j percent of the diameter, An annular piston was 
thus formed by the constriction which allowed for  the simultaneous gen- 
eration of axial  and pressure waxes. 

The second device is shown i n  Figure 9. It allows not only for the 
generation of pressure waves and axial  w a l l  displacements but can generate 
torsional w a l l  motions as well. Its attachment t o  the vessel is  by means 
of a stainless s t e e l  spli t-ring with a 4 mm internal diameter. After being 
padded with umbilical tape and placed around the artery the ring is inserted 
into a connecting f i t t i n g  made of anodized aluminum and providing a bear- 
ing surface so that the ring may rotate  about the axis of the vessel. 

The connecting f i t t i n g  and spli t-ring assembly serve essentially 
the same purpose as the plast ic  collar device mentioned above. This as- 
sembly is  then attached t o  the electromagnetic shakers described below. 

The spli t-ring is connected, by means of the cross-link shown i n  
Own , t o  an electromagnetic 
s in  n of the shaker t o  the 
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spli t-ring and cause the vessel t o  rotate i n  a sinusoidalmanner about 
i ts  axis. The motion of the cross-link (Figure 9) was monitored with the 

optical  trackers and was found t o  be very close t o  sinusoidal for  the 
frequency range of interest .  

The optical  tracking units have the capabiuty of monitoring, sim- 
ultaneously, motion i n  two orthogonal directions perpendicular t o  the 
optical axis. In theory then, it would be a simple matter t o  measure sim- 

ultaneously the axial and torsional w a l l  displacements. In practice, how- 
ever, the diff icul t ies  encountered when trying t o  do th i s  m a d e  data ac- 
quisition extremely difficult .  When the optical trackers are used i n  the 
biaxialmode, the effective f ie ld  of view is reduced and the alignment 
of the trackers becomes more c r i t i ca l .  In addition, the design of the 
biaxial output amplifiers i n  the optical  tracking system is such that  
controlling the gain and zero adjustments require par t ia l  dismantling 
of the control units. 

Figure 10 shows the targets, plastic collar and shaker in  place. 
The view seen by the optical  trackers is  shown i n  Figure 11. Figure 12 

shows the torsion Wave generator i n  place on the artery. 
The electromagnetic shakers axe shown i n  Figure 12 and 13. They 

consist of a stilenoid whose core is  connected t o  a lightweight pistan. 
Each device is driven by a separate electronic oscil lator and high fidel-  
i t y  amplifier which is gated by a tone burst generator. when the shaker 
is  activated, axial or  torsional w a l l  displacements i n  the form of f i n i t e  
t ra ins  of sine waves are generated. The frequency and amplitude of these 
waves are controlled by the electronic oscil lator while the number of 
sine waves contained i n  the t ra ins  and the intervals between successive 
t ra ins  are determined by the tone burst generator. The frequency range 
was from 20 t o  200 Hz although most data was restricted t o  the range 20 

t o  100 Hz. The anrplitude of the axial waves at  the first station was al- 
ways less than 2 mm peak-to-peak. The amplitude of the torsion waves was 

always less than 2 mm peak-to-peak and generally less than 1.5 m. With 
a vessel whose outside diameter is 4 mm, a 1.5 m circumferential motion 
is equivalent t o  a rotation of less than 45O. In most cases, an effort  was 

made t o  r e s t r i c t  the rbtation t o  less than 30' (or about 1 mm peak-to- 
peak w a l l  displacement). 
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Figuxe 10, SuxgicalJy eyeosed caxotid arteries.  Targets and Blastic 
v ib ra tbg  collar are attached t o  the left carotid, a can- 

ta”c;lurmtransducer is inserte 
s experfment, The 8tat;ham nas 

cal. artery. Three tax 
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View of eqeritnental amtmgement wtth Pbys 
trackers. Distance between the lenses end targets was 
3mtel.y 33 cm, 

ical 
X- 
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graph shows the wave generator i n  Figure 9 attached 
electromagnetic shakers, The bottom photograph 

e generator i n  place on the l e f t  carotid artery along 
targets and optical  trackerso 
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Fi ,gure 134 Electrmagnetic shaker w i t h  electronic oscil lator and tone burst 
generator. To generate axial w a l l  motion the end of the piston is 
attached t o  the vibratlng col lar  devices shown izl Figures 7 and 8, 
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In  attaching the plastic collar o r  spli t-ring assembly to  the ves- 
s e l  the natural stretch of the vessel was l e f t  unchanged, Moreover, the 
piston of the axial  shaker was carefully aligned with the axis of the ves- 
se l  t o  minimize the possibility of generating non-axisymmetric waves in  
the carotid artery. 

Theoretical considerations (12,13) predict that non-&symmetric 
waves of a l l  three types (distension, torsion and axial) have vastly dif-  

ferent transmission characteristics than do their  axisymmetric counter- 
parts, On the basis of the model used in  references (l2,l3), they exhibit 

strong dispersion and an attenuation per wavelength that varies strikingly 
with frequency and therefore would be easily recognized among axisymmetric 
signals. However, no evidence of the i r  presence could be discerned from 
OUT recordings on any ty-pe of wave. 

In some experiments the intraluminal pressure fluctuations a t  the 

external target locations were monitored together with the axial w a l l  dis- 

placements. This was  accomplished with the aid of the capacitance pressure 
cel ls  mentioned above. A tracing of a representative recording of both 
types of waxes is  given i n  Figure 14. In most experiments the external 
targets were removed when taking data on the pressure waves so as to elim- 

inate any interference between themselves and the pressure transducers. 
With the transducers and targets i n  place, waxes i n  the form of 

f i n i t e  trains of sine waves were generated i n  the c 
speed and damping of these waves was  measured. 

o t id  artery and the 
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various ways i n  
pulse wave can 

choice. For examp 
e wave fron 

point of the wave front wi ximating the terminal phase of 

t e r  definition. 
By contrast, the speed of the a r t i f ica l ly  induced t ra ins  of sine 

waves could be determined with f a r  greater certainty. The mildly disper- 
sive nature of the carotid artery with respect t o  small &symmetric dis- 
tension, torsion and axial  waves and the absence of reflection interference 
made it possible t o  measure the speed of such signals virtually independently 
of the selection of the characteristic point. A s  i l lus t ra ted i n  Figure 16, 
t7e have chosen as characteristic points the intersection of the tangents 
t o  the sine waves a t  two successive inflection points. A t  a recording 
speed of 1 m/sec or higher the time difference A t  could be determined 
t o  an accuracy of approximately .3  milliseconds. With A t  ranging from 

2.5 t o  10 milliseconds depending on the t n e  of wave and on the distance 
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scale versus (A = wavelength). 
A s  a further check on the errors contained i n  the data, standard 

deviations were calculated for  selected frequencies fo r  each type of wave. 
Figures 19 and 20 have 95 percent confidence intervals drawn i n  fo r  each 
type of wave a t  p Hz. These intervals indicate that  95 percent of a l l  the 
data w i l l  f a l l  within the bounds shown. Similar confidence intervals ex- 
i s t  a t  higher and lower frequencies. 
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V. RESULTS AND DISCUSSION 

The following s ix  sections w i l l  present the results of the various 
studies conducted i n  the course of t h i s  research. Each section w i l l  con- 
ta in  a brief introduction and a description of the experimental technique 
used. The results for each wave will be given and discussed. 
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A. NATURAL PULSE WAVE SPEED AND N A m A L  
WALL DISPLACEMENTS 

Data was acquired to  determine the speed of the natural pressure 
pulse wave in  the carotid artery under both unexposed and exposed conditions. 
In  the unexposed case, a pair  of capacitance pressure cel ls  were inserted 
into the carotid artery by way of the cranial thyroid branch and positioned 
with the aid of an X-ray fluoroscope. Data was  then taken a t  various Ax 
distances and i n  various regions of the neck. 

The results indicate that the natural pressure pulse travels about 
10-11 m/sec. N o  data was  acquired on its clamping characteristics although 
it can be safely said that the wave is only mildly damped. 

To obtain the effect of the surrounding medium on the transmission 
of the pulse wave, the t issue was  stripped away, completely exposing the 
vessel. Again data was acquired a t  various &'s  and i n  different regions 
of the neck The results indicate a wave speed of about 10 m/sec . Thus, 

the effect of the surrounding medium on the speed of the natural pressure 
wave appears t o  be s l ight .  

In addition, the speed of the pulse wave was determined using a 

pair  of needle Bytrex pressure transducers described i n  Chapter 111. These 
results may be summarized as follows: at  normal blood pressure levels the 

speed of the natural pulse wave i n  the exposed carotid artery of 4 dogs 
w a s  found t o  have an average value of 10.2 m/sec. 

The wave speed was determined i n  a l l  cases from pressure recordings 
such as that  shown in  Figure 15. 

When the naturally occurring w a l l  motion of the exposed artery is  

observed, it appears that  the pressure pulse has associated with it an 
axial wave. Theoretically, then, it should be possible t o  determine the 
speed of the natural pressure wave from recordings of th i s  axial w a l l  
motion. One m i g h t  expect, however, that some of the observed w a l l  dis- 

placement i n  the carotid artery results from the motion of the heart 
within the chest cavity during a normal cardiac cycle. It is therefore 
necessary t o  separate out the relative contributions of the pressure wave 
and the rigid body motion of the heart t o  the naturally occurring axial  
w a l l  displacements. 
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This was accomplished by making an incision from the sternum to  
the region of the cranial thyroid branch and removing a l l  t issue from 
around the carotid artery over the first 20 em of i ts  length. Targets 
were then attached a t  various locations up the artery from its origin. 
Data was taken on the natural axial  w a l l  motion, a typical sample of 
which is shown in  Figure 17. 

As can be seen from th is  figure, the amplitude of the naturally 
occurring axial  wall displacement was on the order of .5 m o r  less.  In  
an effor t  t o  determine the relative contribution of the heart motion, a 

restraint  was applied t o  the vessel which allowed for  nearly unrestricted 
blood flow but no wall displacement. The plast ic  collar described in  
Chapter I11 was  used f o r  t h i s  purpose and was  firmly anchored to  the oper- 
ating table, With the restraint  
(No. 2 i n  Figure l7), the motion w a s  reduced at  both stations t o  approx- 
imately .13 m. 

applied 6.6 cm from the proximal station 

It thus appears tha t  the natural axial  w a l l  displacement observed 
i n  the exposed carotid artery is made up of two components--one due t o  
the traveling pressure wave and the other due t o  the mechanical coupling 
of the motion of the heart t o  the upper part of the a r t e r i a l  tree.  The 
component due t o  the pressure wave is approximately .13 m i n  amplitude 
and i s  essentially undamped over a Cur of 10 cm while i ts  shape is similar 
to  tha t  shown for Station 1 in  Figure l7* Further, the motion of the heart 
in  the chest cavity during the cardiac cycle results i n  motion i n  the wall 
of the carotid artery tha% is highly damped with distance from the heart 
and has a magnitude of approximately 04 mm a t  the root of the carotid 
artery. This component i s  so highly damped tha t  it is essentially nonex- 
i s ten t  h a l f - w a y  up the neck. 

It was impossible t o  obtain the speed of the pressure wave from 
the above procedure of recording w a l l  motion since there were no well de- 
fined points on both records (Station's l and 2) from which t o  determine 
time differences. 

On subsequent experiments, an effor t  was made t o  measure any nat- 

ing 
t ion 

s found tha t  there was no 
ction at  any point on the 

exposed carotid artery between the brachiocephalic artery and the cranial 
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thyroid branch 
Pate1 and Fry (23) have shown tha t  the shearing s t ra in  induced by 

intraluminal pressure changes is  small in  the carotid artery and thus one 
would not expect t o  see torsional wallrpotion i n  response t o  naturally 
occurring pressure fluctuations. While their work was on an excised seg- 
ment of artery, a r e  appears t o  be no reason why the i r  results can not 
be applied t o  the in-vivo case. Indeed, they reported some preliminary 
checks under in-vivo conditions which tend t o  confirm the i r  results ob- 
tained on the excised segments. 
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B. DISPWION AND A!TTENUATION I N  MP0sE;D VESSELS 

Introduction 
The primary purpose of t h i s  research was t o  determine the phase 

velocity versus frequency (dispersion) relationships for the three types 
of waves and the i r  danrping characteristics. To t h i s  end, a series of s i x  
experiments (6 dogs) were conducted i n  which a l l  three types of waves 
were generated i n  the exposed carotid artery and the speed and attenuation 
of the a r t i f ica l ly  induced waves were determined. 

In each experiment care was taken t o  minimize the systematic error. 
Data was  recorded i n  a short period of t b e  (usually less than 30 minutes 
t o t a l  elapsed time from the beginning t o  the end of data acquisition) and 
frequent checks were made t o  insure that the vessel w a l l  had not changed 
materially during the course of the data run. This was done by monitoring 
waves of one ty-pe at intervals during data runs on another type. For in- 
stance, while taking data on torsion waves a series of axial  waves of 

one frequency would be generated and the i r  w a l l  motions recorded. In the 
data analysis a check would then be made t o  see i f  there had been a sig- 
nif icant change i n  the transmission characteristics of the other (i .e. 
axial  i n  t h i s  case) ty-pe of wave while taking data on the pasticular wave 
under study at  tha t  time (i.e. torsion). In a11 cases, there was no change 
in the transmission characteristics that might re f lec t  a change i n  the 
material properties of the vessel w a l l  over the time period of interest .  

In addition t o  these s i x  experbents i n  which a l l  three types of 

waves were generated, 25 other dogs were studied i n  which data on at  
least one type of wave was obtained. The results of a11 these experiments 
w i l l  be shown here. 

While there were some individualvariations, virtually a l l  of the 
si-als had the form shown i n  Figure 16 and were reduced as shown. In the 
case of pressure and axialwaves, the amplitudes of the i n i t i a l  signals 
were kept small, i.e. within the linear range. Transmission characteristics 
of torsion waves, however, showed a masked dependence on Ao. Amore de- 
t a i l e  sion of this w i l l  be given in  Section I) of th i s  chapter. 

The amplitude of the pressure waves were less than 10 m Hg peak- 
to-peak while the torsion and axial  waves were generally less than about 
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2 mm peak-to-peak. The frequency range covered w a s  from 20 t o  200 Hz with 
most of the data restricted t o  the range 20 t o  100 Hz. 

Histand (24) has reported noting a definite flow effect on the 
speed of the pressure wave i n  the aorta. Waves traveling with the flow 
had a consistently higher phase velocity than those being propagated 
against the flow. It was not possible t o  detect any such flow effect on 
the speed of pressure waves in the carotid artery. This observation may 
be the result of the particular experimental arrangement in  my case. 
V i r t u a l l y  a l l  of the results obtained using the capacitance pressure trans- 
ducers were fo r  waves traveling downstream while the needle Bytrices were 
used Tor studying waves traveling against the flow. The phase velocity of 

small amplitude pressure waves was in  both cases the same, thus pointing 
t o  the absence of a f low effect  on the speed of pressure waves i n  the 
carotid artery. However, the f l o w  i n  the case of the catheter-tip manometers 
may have been substantialQv reduced due t o  the pa r t i a l  occlusion of the 
artery caused by the two 1 mm diameter catheters. In a vessel with an in- 
side diameter of 3.5 mm, t h i s  would cause a 20 percent reduction i n  the 
area of the lumen. While it was i n i t i a l ly  fe l t  that this would not ad- 
versely effect  the results, it m a y  indeed have prevented the detection 
of a flow effect similar t o  tha t  found in  the aorta. 

It would then seem logical t o  use the needle Bytrices t o  monitor 
the speed of waves traveling downstream and verify the results. Unfort- 
unately, the needle Bytrices fa i led early in  the program and replacements 
were not available . 

331 addition, the apparent absence of a flow effect may be due t o  
the fac t  tha t  the peak flow velocity of the blood in the carotid artery is 

on the order of 1 m/sec (7) or less than 10 percent of the measured phase 
velocity. This amount of deviation can not be reliably distinguished by 
the methods of data analysis used i n  th i s  research. 

In the case of torsion and axial  waves there was no detectable 
difference i n  the transmission characteristics between waves being prop- 
agated up or downstream. In addition, it was  not possible t o  see any dif-  
ference i n  the velocity and damping of these types of waves with blood 
pressure during the noma1 cardiac cycle. A more detailed discussion of 

pressure effects may be found i n  Section C. 
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rom one e 

mentioned earlier.  
Each data point shown in Figure 18 represents the average of at 

least 5 velocity determinations. Thus in  Figure 19 where the results of 

6 dogs are averaged each point represents the average of .  aproximately 
30 data points at  any given frequency for  each t’ype of wave. 

There ma;y be some skepticism about the value of averaging 
sults from different dogs as has been done i n  Figures 19 an6 x). It is 
obvious that physiological differences may be responsible fo r  some, if  not 
all,  of a,ny variations observed. As a check on the variabil i ty of the data 

between dogs, 95 percent confidence intervals have been calculated at 
selected frequencies--a sample of which is  shown in Figures 19 and 20. 

Similar intervals exist at both higher and lower frequencies. 
It should be pointed out here that it was not possible t o  correlate 

ruly measured differences in  the speed of a particulax tme of wave between 

venting any correlation on either of these bases. 
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While individual dogs showed s l ight  variations from t h i s  average, the 
results were i n  all cases non-dispersive. In addition, pressure waves 
were studied at  frequencies up t o  200 Hz. The results of these experiments 
aZso confirm the nondispersive nature of a r t i f i c i a l ly  induced pressure 
waves of small  amplitude i n  the carotid artery in the frequency range 20 

t o  200 Hz. In reference (18) it has been shown that the aorta also behaves 
in  this manner (nondispersive) . 
that the average speed of the natural pressure wave is  10-11 m/sec--also 
very close t o  that determined here for a r t i f i c i a l  waves. 

It is of interest  t o  note that the resul ts  given i n  Section A show 

The dispersive nature of the carotid artery w i t h  respect t o  torsion 
waves is  somewhat more complicated. A t  frequencies between 20 and %) Hz the 

curve is  essentially flat. Above 50 Hz the velocity increases with increas- 
ing frequency. The speed of the torsion waves vaxies from about 16 m/sec 
a t  low frequencies {below 50 Hz) to about 24 m/sec at 100 Hz. While th i s  
increase mey at first seem large, it s t i l l  falls w i t h i n  our definition of 
a m i l d l y  dispersive behavior (see Chapter 11). 

There were problems i n  acquiring torsion wave data which merit 
some discuseion. The greatest difficulty encountered i n  the generation 
of torsion waves was  i n  eliminating the occurrence of a transverse wave 

(i.e. a vibration perpendicular t o  the vessel's longitudinal axis). It 
appears that this wave m a y  be easily generated i f  the torsion wave ex- 
c i t e r  is  slightly misaligned w i t h  the axis of the vessel. The occurrence 
of sese waves w a s  generally easy t o  recognize due t o  the fact  tha t  the 
asnplitude of the signal at the second statfon was almost always W g e r  
than tha t  8% the first. It was  found tha t  proper alignment of the shaker 

would eliminate these spurious signals. 
The attenuation characteristics of the torsion waves also made 

the i r  study diff icul t .  A% any given frequency, their damping w a s  much 
hi&er than tha,t of either pressure or axial waves. In addition, there 
was a rather sensitive amplitude dependence on the damping which w i l l  be 

described i n  Section D of thfs chapter. It was necessary t o  place Z;he 
first target about 2 cm from the shaker and r e s t r i c t  Ax t o  values less 
than 5 cm. It thus becomes almost impossible t o  monitor both torsion 
and axial waves simultaneously with any degree of r e l i ab i l i t y  i n  the 
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time delay measurements of the axial wave. 
As can be seen from Figure20,  the dispersive nature of axial  waves 

is more uniform than that of the torsion waves. The phase velocity increases 
with increasing frequency and ranges from 25 m/sec at  25 Hz t o  about 35 
m/sec at 100 Hz. In some experiments data was taken up t o  frequencies of 
150 32 and the speed was found t o  average 40 m/sec at tha t  frequency. Thus 
the behavior of the axial wave is also m i l d l y  dispersive. 

From the recordings of the a r t i f i c i a l ly  induced waves of a l l  three 
types it can be seen tha t  the f i n i t e  t ra ins  of sine waves retain the i r  
sinusoidal character during propagation for  a l l  the frequencies covered 
i n  th i s  investigation. This may be interpreted as a further indication 
that the carotid artery is not strongly dispersive with respect t o  axi- 
symmetric waves of a11 three types in  the frequency range covered, Further 
substantiation of this conclusion is  the independence of the transmission 
time A t  with respect t o  the selection of the characteristic point on the 
train.  Since there is a we& frequency dependence of the signal speed for  
a11 three types of waves, the corresponding velocities m a y  be interpreted 
as a good approximation t o  the corresponding phase velocity. As expected 
on the basis of theoretical studies (13,25,26), the phase velocity of the 
axial  and torsion waves increases w i t h  increasing frequency i n  the ease of 
viscoelastic models for  the vessel w a l l  such as the Voigt model used by 
Maxwell and Anliker (13). A purely e las t ic  analysis predicts tha t  there 
w i l l  be no dispersion whatsoever for  axisymmetric torsion and axial  waves 
when the blood is  considered i ~ v i s c i d .  (See Chapter I f o r  a discussion of 
the effect of viscosity on pressure and axial waves.) 

When the dispersion results shown in  the figures are compared w i t h  

the theoretical predictions mentioned in  the preceeding paragraph it is 
readily apparent that ,  over the frequency range covered i n  these experi- 
ments, the axial and torsion waves t ravel  at a slower speed relat ive t o  
the speed of the pressure wave than they should. Anliker and Maxwell's (12) 
elast ic  analysis predicts that the axial  wave should t ravel  a t  approximately 
5 times the speed of the pressure wave while the torsion wave should travel 
almost three times as fast. In addition, as mentioned above, the isotropic 
model for the vessel w a l l  does not predict any dispersion. 

When Maxwell and Anliker's viscoelastic ( V o i g t )  model is considered, 
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discrepency between 
s a,n anisotropic behavio 

i n  the circumferential direction. 
There has been a considerable amount of work performed on excised 

a r t e r i a l  segments (for instance Patel e t  a1 (27')) and some work on a r t e r i a l  
segments in-situ (Patel and Fry (28)). Some of t h i s  work, particularly that  
of Fenn (29), has found tha t  the vessel appears t o  be more e las t ic  (have 
a lower Youngrs modulus) i n  the axial than i n  the circumferential direction. 
To the best  of my knowledge, the conclusions reached i n  the preceeding 
paragraph are the first in-vivo experimental evidence t o  support the idea 
tha t  the material properties of the vessel w a l l  are not the same in  a l l  
directions--that is  t o  say, the vessel appears t o  be nonisotropic. 

i g u e s  21-23. Figure 21 shows the results from one animal in  which 
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t h i s  chapter. The i n i t i a l  amplitude of the torsion waves used t o  obtain 
the data i n  Figures 21-23 w a s  approxbately equal t o  .8 mm and w a s  held 
constant for  a l l  frequencies. The results of the torsion wave damping 
should be used with care since there appears t o  be a rather strong amp- 
l i tude dependence f o r  this particular wave. 

While it is convenient t o  plot the attenuation as shown in  Figures 
21-23, this maaner of presentation tends t o  obscure the fac t  that even 
tho@ the axial and torsion waves appem t o  be equally damped per wave- 
length, the torsion wave is  much more hi&ly damped than the axial  wave 
per Ax. This of course results from the vastly different speeds and thus 
different wavelengths for  the two waves. The axial wave is  actually trans- 
mitted over a much longer distance than is the torsion wave for  any given A. 

"here are basically three possible contributions t o  the damping of 
any type of wave in any vessel. F i r s t  is the radiation of energy into the 
surrounding medium. The second is the viscous effects of the blood i n  the 
blood vessel, And third is  the viscoelastic damping of the vessel w a l l  it- 
self .  Since our vessels i n  this case were complete@ exposed, the possibil- 
i t y  of radiation can be neglected. As far as blood viscos,ity effects are 
concerned, Jones e t  al (14) have shown that this too can account for  only 
a small fraction of the damping present. It thus appears that the viscous 
damping mechanism of the vessel wall is largely responsible for  the damp- 
ing of waves of all three types. 

The viscoelastic w a l l  models allow f o r  an E i n  the form E = Er(u) + 
A A 
Ei(W) where Er(W) is a function of frequency and is primarily the determining 
factor of the dispersive character of the vessel while E , (d  is also freq- 
uency dependent aszd determines the damping. In reference (13) they selected 
the Voigt model i n  shear, for  which E = 3(E0 - iw$, where Eo is the e las t ic  
parameter andqis  the viscous pmameter i n  the model. 

llzuoh less  tha.n one and h/a also much less than one, it is possible t o  es- 
timate the value of the parameter$, the nondimensional coefficient of w a l l  

viscosity. If this is  done,qfor the axial and torsion waves is found to  be 

approximately 5.0 using k = 4 while fo r  the pressure waves (k = 1) we find 
A 
V =  2.0. Both of these values exceed the maximum value considered by Max- 

well md Anliker ( r l  = 1.0) and indeed ref lects  quite a high wall viscosity. 

. 

h h  

A 

A 

Using the approxhations given in  reference (13) for  the case of$$ 

h 

A 
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Maxwell md Anliker's results also indicate that the damping of a l l  
three types of waves w i l l  be frequency dependent at l o w  frequencies. The 
results shown here seem t o  indicate rather strongly that this is not the 
case. 



C.  T R A N S W  PRESSW FXFECTS ON THE 
TRANSMISSION CEARACTERISTICS 

lntroduct ion 
Theoretical studies taken from reference (13) indicate that for  

the viscoelastic model of the artery w a l l  used therein, increasing the 
transmural pressure by a factor of two should increase the speed of both 

the axial  and torsion waves but will not effect  too signif 
speed of pressure waves at low frequencies. In addition, the damping per 
wavelength is not effected t o  any large extent by changes i n  the transmural 
pressure for  all three types of waves. 

Experimental results on the speed of the pressure wave i n  the thor- 
acic aorta by Anl3Jcer et  a1  (18) indicate that between systole and distole 
there can be a 9 percent increase i n  the speed of the induced pressure 
waves. That is, with a blood pressure of 100/65 mm Hg, the speed at dias- 

t o l e  was  ap-proximateu 4 m/sec while at systole it was 6 m/sec. 

the 

In order t o  check for  the existence of a similar effect  i n  the car- 
o t i d  artery a series of experiments were conducted t o  determine how arter- 
ial pressure changes effect  the dispersion and attenuation of the three 
types of waves. 

Ehqerhental Procedure 
The experimental procedure involved three techniques t o  change the 

transmural pressure. I n  the first, a balloon firmly attached t o  the end 
of a radio-opaque catheter was inserted into the femoral artery and advan- 
ced into the thoracic aorta w i t h  the aid of the X-ray fluoroscope. The 

end of the catheter was positioned appoximately adjacent t o  the heart. 
Upon inflation, the balloon would r e s t r i c t  flow down the aorta and cause 
a subsequent pressure rise i n  the upper par t  of the a r t e r i a l  tree. Pres- 
sure rises of 50 t o  70 mm Hg above the mrmal mean blood pressure were 
easily obtained by this technique, 

When the balloon was deflated, the blood pressure i n  the carotid 
artery would fa l l  t o  a level  w e l l  below the normal. mean blood pressure tha-t 

existed prior t o  inflation. This wae due t o  a decreased blood volume i n  
the distal  arteries (that is, vessels downstream From the balloon) as &- 



consequence of --off into the capillaries and veins. The level of the 
blood pressure i n  the carotid artery after deflation of the balloon was 

commonly 3-50 mm Hg below the normal mean blood pressure. !J!bus cbmges 
i n  the transmural pressure on the order of 100 mn Hg were easily obtained 
by the use of t h i s  technique. Data on the transmission characteristics of 
each wave were taken continuously over the 10-20 second interval during 
which the pressure rose and then Sell. 

Occlusion of the carotid artery was the second method employed. A 

piece of umbilical tape would be looped around the vessel at  a point above 
the cranial  thyroid branch. When the ends of the piece of tape were pulled 
the loop would close and occlude the vessel. This occlusion, together with 

the carotid sinus reflex, would cause the pressure t o  rise about 50-80 mm 
Hg above the natural, unoccluded blood pressure. When the loop was  re- 
leased the pressure would qpickly return t o  normal without tbe undershoot 
mentioned above in connection with the balloon catheter. 

1 

This method (occlusion) when used i n  conjunction wfeih the balloon 
allowed for  a check on wheaer any incretxes i n  speed (paryticularly of 

pressure waves) was the resul t  of pressure or f low or  both. When the car- 
o t i d  artery was occluded the flow would of course cease but the pressure 
would rise.  When the balloon was inflated, the pressure and f l o w  could 
both be exgected t o  r ise .  

ulation by means of a Grass Instrument Co. S tbu la to r  Model S4C. The right 

vagus nerve waa exposed and a biphasic e lectr ical  potential of 10 volts, 
20 Hz frequency and 3-10 milliseconds i n  duration was applied. The objec 
of this w a s  t o  induce e lec t r ica l  inrpuLses i n  the vagus nerve %hat would 

temporarily stop the heart. W i t h  the heart stoppd, the blood pressure 
the entire w t e r i a l  tree would decrease. 

The third method that was  occasionally used was vagal nerve stim- 

This technique had certain limitations and drawbacks. The foremost 
limitation was  that it was possible only t o  decrease the blood pressure 
so that no information COU be obtained on high pressure effects. In ad- 

dition, diff icul ty  was also encountered in obCaining the proper combination 
of voltage, frequency and duration that would stop the heart. These par- 
ameters seened t o  vasy somewhat between dogs. In some dogs it was necessavy 
t o  sever the nerve and stirmxZate its distal end to secure the desired car- 
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amrest. Indeed, i n  some cases the heart could no 
In addition, it was  found that s t  
evere musculax contraction i n  
sswe waves this w a s  n 

t o  use the optical  tracking 
tractions WOuLd cause the targets t o  move o 

W i % h  these considerations i n  rnind, the data reported 
i n  this  section w a s  taken occlusion tech- 
niques . 

Natural Pressure Wave 
In two of 13 experiments data was obtained using the capacitance 

pressure cells placed at various &'s t o  determane the effect  of varying 
the mean pressure on the speed of the natural pressure wave. The method of 

determining this  speed has been discussed i n  Chapter N o  
The results of these experiments show that increasing the mean pres- 

sure by roughly 70 mm Hg resulted i n  a 50 percent increase i n  the speed 
of the natural pressure wave. In Experiment 352, fok example, a t  D x ' s  of 

4, 6 and 8 cm, the natural pressure pulse traveled at an average of 10.9 
m/sec under normal blood pressure conditions (l ' jO/ lX> mm Hg) . By 
of the balloon catheter technique the diastolic pressure was raised t o  ap- 
proximately 170 mm Hg and had. a subsequent fall t o  about 100 mm Hg. A t  

100 mm Hg the speed of the pulse wave w ~ t s  approximately 8.4 m/sec while 
at  170 mm Hg the speed had increased t o  12 m/sec. 

Figure 24 shows the results of these experiments. 1% can be seen 
that the resu1t;s from both emerimen and that increasing 
the diastolic pressure does indeed c the speed of the 
natural pressure wave. In addition, data w a s  with and without 
the surrounding t issue in  place and the results shown i n  the f igwe  did 

Art i f ic ia l  Pressur es 
When pressure waves i n  the form of f in i t e  t ra ins  of sine waves of 
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eriments shown 
while the other 

there was a signif ie  
d in  the two experiments. 
artery were increased while e l a t t e r  only the pressure 

he results of both experiments 

pressure wave w a s  almost ident ical  (10 m/sec 

factor i n  determining the phase velocity of s amplitude pressure waves. 

e r i a l  properties of the vessel w a l l .  

When one considers the damping of a r t i f ica l ly  induced pressure 
waves it at first appea,rs that the damping decreases maskedly with increas- 
ing pressure {i*e. from an A / A ~  = .n a t  120 mm 
Hg). Hmever, the logaxithmic decrement, k, compu%ed in the two cases is 
.63 a t  120 mm Hg and .TO at 200 mm Hg. These values are so close because 

t o  A / A ~  = .72 at 200 mm 

thus the wave- 

traveled through as many wavelengths as the slower wave over 

on and Mal Waves 
rsion and axial  waves can be considered at the same t 

se t o  changes i n  the transrmural 

es as a function of the 
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transmural pressure. The Dx's  varied from 3 t o  5 cm fo r  torsion waxes 
and from 5 t o  10 em fo r  axialwaves. The frequencies used were 3-50 Hz 
for torsion and 100 Hz generally for axialwaves. Again the induced changes 
i n  transmural pressure were on the order of 100 mm Hg, 

The results of these experiments m q y  be summarized as follows: for  
the range of induced transmural pressure changes studied, the transmission 
characteristics of axia l .  and torsion waves at a given frequency did not 
vary enough t o  be detected by the method of data acquisition rznd analysis 
used i n  these experiments. It follows also that there were no observable 
changes i n  the dispersion and attenuation of torsion and axial waves dur- 

ing different parts of the cardiac cycle. 

Discussion 
The above results conflict with the theoretical predictions men- 

tioned at the beginning of t h i s  section, The transmission characteristics 
of pressure waves (bot;h large amplitude, natural pulse waves and small 
amplitude, a r t i f i c i a l ly  induced waves) are quite sensitive t o  a r t e r i a l  
pressure changes while the axial  and torsion waves seem t o  be uneffected 
by changes in the blood pressure, It thus amears that increases in  the 
transmural pressure cause material property changes i n  such a way as t o  

effect  many the transmission of pressure waves. In addition, it appears 
that changes i n  the flow that one would expect wAth increasing blood pres- 
sure have l i t t l e  effect  on the speed of a l l  three types of waves. 
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1). EZTXT OF VARYING AMPLITUDE 

Intmduc t ion 
One manifestation of a nonlinear behavior of any system is the de- 

pendence of the magnitude of the output of the system to the input. If the 
system is linear, then doubling the input w i l l  double the output and the 
r a t io  A /A. would remain constant, A nonlinear system would then exhibit 
a variation i n  the ra t io  Ao/Ai w i t h  wary- Ai. Another indication f m  
nonlineasity of a material is a variation i n  the speed of awave transmitted 
through it with changes in the wave amplitude. 

w a l l s  exhibit a nonlinear behavior (l7,3O), at least  in response to  the 
natural pulse. Bergel (31) has shown that the Young's modulus of arterial 

sepents  under s ta t ic  load conditions appears to vary with changes i n  the 
internal. pressure. 

0 1  

Indeed, there appears +a be increasing evidence that the a r te r ia l  

Y e t  the vastmajoritg of theories on the wave transmission charac- 

ter is t ics  of blood vessels assume -that the vessel w a l l  behaves i n  a linear 
fashion. The crucial question in  applying these theories then becomes to 
what extent are the vessel w a l l s  nonlineax? 

W i t h  these considerations in mind the in i t ia l  amplitude of the var- 

ious types of waves studied i n  this research were varied f m m  near zero 
t o  the levels quoted in  Chapter III. To repeat them here for convenience: 
pressue waves were generally limited t o  peak-to-peak amplitudes less than 
10 xn Hg, torsion waves less than 1.5 llpn w a l l  displacement and axial waves 
less than 2.0 nrm pe&-to-peak, The amplitudes of a l l  three types of waves 
were increased even beyond these levels i n  an effort to detect any amp- 
litude dependence. 

Resul -.s -- 

Pressure Waves 
Ia 4 experiments the amp1it.ui.e of the pressure signals was increased 

at least five fold ( i ,e ,  from 2 mm Hg t o  10 an Hg peak-to-peak) and the 
dispersion and bttenuation were determined. The various input amplitudes 
were easily obtahed by sitlrply varying the stroke of the piston attache6 
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e used t o  the highest. 

three percent. 

described above i n  an effort  t o  see some nonlinear effect. The results 
ind5cate that for ar t i f ic ia l  pressure waves w i t h  amplitudes up t o  112 the 
pulse pressure (in some cases 20 rmn Hg) there was virtually no effect  on 
either the phase velocity or damping. 

Tors ion Waves 
Figure 26 shows the results of three experiments i n  which the to r -  

sion w a l l  motion was  increased from about .4 mm up t o  a maximum of 1.6 mm 
peak-to-peak. In addition, a scale showing the approximate rotation i n  de- 
grees corresponding t o  the various w a l l  displacements is given. An outside 
diameter of 4 mm was used t o  make this conversion from mm t o  degrees. In 
a l l  cases the frequency was held constant at 40 Hz. 

It can be seen from the figure that increasing the i n i t i a l  
of the torsion wave caused a significant increase i n  the ra t io  A/Ao. In  
one case (Experiment 349) the r a t io  increased from .42 at an A. of .5 m 

of the torsion waves 

ly effected how- 

= .4 mm WELS 16.6 
sec and at  A, = 1.6 mm 

sistency i n  speed the 
the various waves wo 

not change w i  
in essentially constant. Thus, 

ing A/Ao. Therefore the de- 
crease of the logarithmic decre- 
Ids the following k values: at 
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A = .4 m, k = 8; for  A. = L O  mm, k 2: 4.7; while fo r  A. = 1.4 mm, k = 3 .  
It thus becomes obvious that the i n i t i a l  amplitude of the torsion waxes 

is an importimt parameter i n  determining i ts  attenuation. 

0 

Axial Waves 
The amplitude dependence of the a x i a l  waves w a s  analogous t o  that 

of the pressure waves . manges i n  arrgI.itae from fractions of a mm (.2) 
t o  2.5 mm o r  slightly hi&er in some cases resulted in  no discernable 
change i n  the transmission characteristics. lh 5 dogs data was  taken at 
various frequencies and over various Cur's w i t h i n  the ranges given in 

Chapter 111. 

Discuss ion 
The following summxt-y statements seem in order on tne basis of the 

above results, The phase velocity of all three types of waves appear t o  
be independent of the i n i t i a l  amplitude over the range of amplitudes cov- 
ered by these experiments. The attenuation of pressure and axial waves 
does not seem t o  be dependent on the value of Aoe !The damping of torsion 
waves can, however, vary dramatically with changes i n  the value of the 
i n i t i a l  amplitude. The vessel thus appears t o  be nonlbear w i t h  respect 
t o  torsion waves while reasonable lineax f o r  axial and pressure waves. 
These statements of course only apply i n  the range of frequencies and 
amplitudes given for  each type of wave. 
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htroduction 

A parameter which may effect the transmission chaxaeteristics is  
the ini%ial stretch of We vessel. Table I shows that the casotid artery, 

in-vivo, is  stretched between 1,2 and 1,6 times i ts  excised length. The 
average value of &/lo is about 0,4. Thus the vessel i n  its mtural. s t a t e  
is  highly stressed in the longitudinal. direction. 

It would seem logical that if  this stress were varied then the ves- 
sel's i n i t i a l  stif'fness WOW change and that such a change might be re- 
flected i n  a e w e  in the transmission characteristics of the various 
types of wavesr Indleed, Maxwell and Anlsker (13) have varied t h i s  pasmeter 
(ql i n  the i r  analysis) and have shown that in the elast ic  case pressure 
waves exhibit r e h t i v e l y  mild changes in  phase velocity for changes in  ql 
by a factor of 2 (.1 t o  .2). Torsion waves exhibit a stronger dependence 
on the ql parameter but again changes from .2 t o  -4 resul t  i n  speed changes 
of less than 10 percent. Axial waves fall somewhere in between pressure and 

torsion waxes as far as the magnitude of  changes 3.n the phase velocity 
w i t h  respect t o  changes in  ql. 

of the stretch pmazneter changes slightly from that found in  the elast ic  

model, the behavior of the three types of waves is essentially the same 

as in the elast ic  case. 

When we consider the viscoelastic cme, even though the definition 

Nixwell and Anliker's resul ts  fo r  the damping of the three types 
of waves i n  the viscoelastic model reveal tha t  the axial wave dapphg is  
essentially uneffected by changes i n  ql from 0 t o  .4, Simila;r changes in  
the s t re tch parameter effect  the trammission of torsion waves much more 
strongly, particularly at high frequencies. Ukewise a change from 0 t o  .4 
in q l w i l l  came very large changes i n  the transmission of pressure waves, 
again at higher frequencies. In aU. c s e s  when the frequency is near zero, 
the effect  of changes 3.n the ql parmeter are negligible. 

was conducted in an effor t  t o  determine the approximate values of the 

stretch parameter. This was accomplished by excising a segment of the 
ar te ry  which had been drained of blood and placing it in a vert ical  t e s t  

An analysis of the stress-strain behavior of the carotid artery 
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Jig.  The ends of the artery were securely fastened with surgical thread 
for  easy attachment t o  the test stand and t o  the loading pan into which 
w e i g h t s  were placed. Various loads were then applied t o  the vessel and the 
corresponding change i n  length was recorded along with the applied load, 
The resul ts  are shown in  Figure 27, plotted as load applied i n  dynes versus 
extension from the excised length i n  em. Note that a force of approximately 
34,000 dynes was  necessary t o  return the vessel t o  its in-vivo length. 

The data shown in Figure 2'7 along with the physical dimensions of 
the specimen were used t o  calculate the stress-strain curve sham i n  Figure 
28, In this analysis a Poisson's ra t io  of .5 was used and changes in the 
cross-sectional area of the vessel w a l l  due t o  increases i n  the length 
were accounted for  in determining the stress, This curve is based on the 
classical  definition of s t ra in  Q = &/x where x 
length and h represents the t o t a l  change i n  length under the applied load, 

&om the classical  definition of Young's moddus, E = stress/strain, 

is the original, excised 
0 0 

6 2 we f ind that E = 3 x LO mes/cm at the in-vivo stress level. 
Another method of determining the Young's modulus is t o  use the 

local slope of the stress-strain curve. Using this definition the value 
of E is 9 x 10 dynes/cm2. The large difference between these two values 
is  due t o  the rapidly changing slope of the stress-strain curve at  the level 
of the in-vivo stress.  

6 

The behavior of this curve deserves some further comment. It can be 
seen -that near the origin the curve has a shallow slope and the associated 

6 E is in the neighborhood of 2 x 10 dy-nes/cm2. A s  %he s t ra in  is increased, 
the curve starts t o  increase i ts  slope u n t i l  at  the in-vivo s t ra in  the 
corresponding E is 3 x 10 dynes/cm . Once th i s  natural s t ra in  is exceeded 
the slope of the curve increases much more rapidly. Thus, w i t h  the vessel 
i n  its natural, stretched condition it becomes increasingly more d i f f icu l t  
t o  raise the s t ra in  level a given amount. 

6 2 

This behavior is not unexgected when one looks at the classical  
description of the structure of the vessel wall. It has been postulated 
by Frasher (32)  and others that there are basically 4 types of t issue 
present i n  the artery wall. The inner most l ining is  the endothelium, 
a thin layer of ceUs that is common t o  a l l  vessels and is i n  intimate 
contact w i t h  the blood. Collagen is a protein substance which exists i n  
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the vessel w a l l  in long fibers and are bound together by a cement substance, 
It is estimated tihat the Young's noduLus of collagen is approximately 10 

dynes/cm . It is, incidentally, the principle c q n e n t  of tendons, Elastin 
is  a second protein substance that has a law tensi le  strength and high ex- 

t ens ib i l i ty  with an E = 6 x 10 dynes/cm2. The f i n d  primary substance 
found i n  artery wal ls  is smooth rmtejcle. The Young's modulus of this ma&- 
erial  is dependent on the stimulus acting on it at the time. Bergel (31) 
has shown that the active tension measured a f t e r  chemical stimulation yields 
an E of about 10 dynes/cm 

8 
2 

6 

6 2 

Burton (33) gives a description of what he believes t o  be the mech- 
anism exhibited by the vessel wall when it is subjected t o  longitudinal 
stress. Tn the absence of active tension from the smooth muscle, increases 
i n  tension from near zero load are mainly taken up in the elast in  fibers. 
This is because the collagen, even though Much more rigid, is  oriented 
randomly along the vessel axis. Once the collagen fibers become reasranged 
and are oriented along the vessel axis they begln t o  camy a greater share 
of the load. Thus, 
unexpected (see ~ I . S O  (3) ) .  

values of the s t re tch parameter q,were calculated for changes i n  s t ra in  
of - LO percent arouud the naturally occurring strain. Regardless of the 
definition used t o  deternine the value of the Young's modulus, such changes 
in strain resulted in at most a two fold increase in ql from - 10 percent 

behavior of the curves in Figures 27 and 28 is not 

Using the results of the stress-strain analysis carried out above, 

* 

t o  -1- 10 percent, 
Therefore, on the basis of Maxwell and &merf s analysis (13) one 

would not expect t o  see W g e  changes i n  the transmrLssion characteristics 
of the three types of waves i n  response t o  changes in the i n i t i d  stretch 
of this magnitude. 

In an effor t  to veri* these conclusions, the s t re tch was varied 
about the naturally occusring length and the transm5ssion characteristics 
of all three types of waves were mewwed. 

Changing the stretch of the vessel was accomplished by s&.qly moving 
the collar device which gripped the vessel in such a way as t o  increase or 
decrease the distance between the stations. Data was then taken on the dis- 

persion and at tenuatbn of the various ty-ges of vaves- It was found that 
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increasjng the s t re tch by .1 was not generally possible due in  part t o  
the very nature of the stress-strain curve. If we look at the curve i n  
Figure 28 we see that a31 increase i n  s t ra in  of .1 beyond that naturally 
present would require about twice as much stress. In addition, as the ves- 
s e l  is stretched it contracts in the radial direction in  order t o  maintain 
constant voloume. This decrease in diameter resulted i n  the artery slip- 

ping through the COU device. Thus even if  we w e r e  able t o  amroach in- 

creases of 10 percent in  length we couldn't maintain them without virtually 
occluding the artery. Indeed, 5 percent increases i n  the length of the 

segment w e r e  sometbes d i f f icu l t  t o  maintain. 
Due t o  these difficulties, data w a s  generally taken on decreases 

i n  i n i t i a l  length. This was  easily accomplished because the d is ta l  branches 
of the carotid artery (the ones toward the head) and their surroundings 
axe more elast ic  "than the long segment of the carotid artery in  the ex- 
posed test section. 

The f ac t  that it was  not possible t o  study the effects of large 
increases in  the s t re tch should not be considered a severe limitation on 
the resul ts  given in this  section. Increases i n  the length of the vessel 
which m i g h t  be induced by natural motions of the head of the dog are prob- 
ably accomodated by a shift ing of the vessel within its t issue bed i n  such 
a way as t o  relieve most of the increased strain.  While one carotid artery 

tends t o  be stretched ~ 1 s  the animal turns i ts  head t o  one side, the other 

tends t o  relax. Thus, one is more likely t o  encounter decreases i n  stretch 
than increases in the carotid artery under physiologically meaningful 
conditions. 

All of the experiments described in  this  section were done on the 
exposed carotid artery. 

Results 

Presure Waves 
Figure 29 shows the results of one-eqeriment i n  which the stretch 

WEB varied a t o t d  of 16 percent (from an 8.5 percent decrease t o  a 7.4 
percent increase in stretch) and the speed of the pressure waves were 
measured at various frequencies. While the curves show some inconsistency, 
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the general pattern of increasing speed with increasing stretch prevails 
as wen as the nondispersive nature found in  Section B of tihis chapter. 
XII payrtiaiiaz, the speed is seen t o  increase from 11 m/sec at -8.5 percent 
up t o  16.5 m/sec at 4-7.4 percent at 14.0 Hz. This same basic pattern was 

shown in two other experiments. 
The varition of the dl-mrrJJng of the pressure waves was not quite so 

w e l l  defined. In all cases, a decrease in stretch resulted in a slight de- 
crease in  damgin@;. However, the data exhibited such a high degree of scat- 
ter that no qyantitative conclusion ma;y be made as t o  the effect  of Initial. 

s t re tch on the damping of pressure waves in  the carotid artery. 

Torsion Waves 
The effect  of decreasing the stretch of the artery on the phase 

velocity of torsion waves is  shown i n  Figure 30, where the results of 
two experiments are given. The large discrepency between the speed values 
for different dogs at the natural stretch (&tretch = 0) ref lects  Individ- 
ual differences among the animls rather than variations i n  the ini,tial 
strain.  Table I s h m  that i n  one case the i n f t i a l  s t ra in  was .kO and in 

the other case .38. 
The essential  conclusion from the data must then be United t o  say- 

ing that the speed of the torsion wave appears t o  be highly dependent on 
the i n i t i a l  s t re tch of the vessel. A decrease in that s t re tch w i l l  be re- 

f lected in a decrease in speed. The results of two other experiments tend 
t o  confirm this conclusion. 

The damping of torsion waves as indicatedby the value of k appears 
t o  be independent of the i n i t i a l  s t re tch over the range of values covered 
i n  these experiments. 

Axial Waves 
Changes i n  the trazlsmission characteristics of axial.  waves in  re- 

spons t o  varying initial s t re tch were similm t o  those found for  torsion 
and pressure waves. As can be seen i n  Figure 31, as the stretch was de- 
creased the phase velocity decreased rather markedly. For a frequency of 

50 HZ, the velocity f e n  from appoximateb 
when the stretch was decreased a t o t a l  of 12 percent. 

m/sec t o  about 15 m/sec 
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The most dramatic decrease in speed occurred at the values of 
k t r e t c h  near zero. F'rm Figure 28 we see that the slope of the stress- 
s t ra in  curve approaches a constant value as the s t ra in  is decreased from 
its in-vivo value. Thus, one would expect that w i t h  decreasing values of 
strain, the rate of change of the axial  wave velocity WOuLd also decrease, 
Indeed, this appears t o  be the case as shown i n  Figure 31. Unfortunately, 
decreases i n  s t ra in  greater than 12 percent were not obtainable, 

As was the case for  both the pressure and torsion waves, the damp- 
ing of axial waves was not markedly effected by changes in the initia7: 
stretch of the vessel over the range 0 t o  12 percent. Lndeed, vir tual ly 

a l l  the data from 4 an5ma.I.s showed no significant change i n  the attenuation 
i n  response t o  changes i n  s t ra in ,  

Discuss ion 
The phase velocity of a l l  t h e e  ty-pes of waves is strongly dependent 

on the i n i t i a l  s t ra in  of the vessel. When this longitudinal s t ra in  is de- 
creased the velocity of each wave decreases. The magnitude of t h i s  decrease 
is much greater than was predicted by the walysis i n  reference (13) How- 
ever, when the stress-strain curve of a vessel segment is studied the be- 

havior observed i n  this section is not at a l l  unreasonable. 
In fact, if the curve in  Figure 28 is used and we note that a 12 

6 
percent decrease i n  s t ra in  results in a decrease of E from 9 x 10 
2 x 10 Wes/cm 
order of 50 percent for  the axial waves are t o  be expected. This conclusion 
i s  based on the assunrption tha t  the speed of the axial waves varies as 
the square root of E (12,13) , 

uneffected when the ixzitial s t ra in  is varied w i t h i n  the limits of the above 
experiments. 

t o  
6 2 (measwed tangent ia lu) ,  then decreases i n  speed on the 

The attenuation of all three types of waves appears t o  be essentially 



F. E;FEECT OF SURROUNDING MEDIUM 

Introduction 
When the prospect of using a non-invasive technique t o  determine 

the mechanical properties of blood vessels using wave transmission studies 
is considered, the effect  that the surrounding tissue may have on the dis- 

persion and attenuation of the various waves is clearly of importance. 
Since all of the ar ter ies  and veins are i n  contact w i t h  their surroundings, 
one m i g h t  expect t o  see some form of coupling between the vessel w a l l  &d 

i ts  contiguous tissues. 
Jones e t  a3 (14) have shown %heoretically that axial  waves are more 

sensitive t o  changes i n  the e les t ic  properties of the surromdings than 
are the pressure waves. Their results indicate that, on the basis of the i r  
analysis and the assumptions made therein, the modulus of e las t ic i ty  of the 

surrounding medium must be at least  3 drders of magnitude less than that 
of the vessel wall in order t o  produce negligible contrainst effects. On 

the other hand, it must be at leas t  two orders of magnitude greater than 
tha t  of the vessel in order t o  significantly effect  pressure waves. 

Experimental observations of the in-vivo tethering of the carotid 
artery i n  the neck of dogs indicate that the vessel is  only m i l d l y  bound 
t o  its surroundings. The carotid artery l i e s  i n  a triangular trough formed 
by the longus c o n i  or longus cagitfs dorsally, the trachea ventromedially 
and the brachiocephalicus and sternocephalicus laterally.  The internal 
jugular vein a d  the vagosympathetic nerve trunk are associated with the 
carotid artery i n  the middle of the neck. These structures are bound t o  
the carotid artery and are attached t o  the surrounding medium by the car- 
o t i d  sheath. The sheath is part  of the poorly developed deep cervical 
fascia that exists in this region of the neck (34). 

Intuition, coupled with these anatomical considerations, then would 
lead one t o  expect that the transmission characteristics of the various 
types of waves should not be strongly effected by the presence of these 
surrounding tissues. A study was conducted t o  determine, i n  a given dog, 
Just what changes in the dispersion and attenuation patterns resulted 
from the presence of the surrounding medium. 

In each case, the structures w a c e n t  t o  the carotid artery were 
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l e f t  undisturbed over various lengths i n  the mid-region of the neck while 
data was acquired on the transmission of the vasious waves through this 
region. The surrounding t issue was  then removed and again data was  taken 
using the same frequencies and amplitudes as before. 

Results 

Pressure Waves 
Xn the case of pressure waves Lere is some inconsis-ency in  the 

results. In two dogs, the surrounding medium served t o  increase the speed 
up to  x) percent over that found in the expsed vessel while i n  4 other 
experiments the speed did not change i n  the presence of the surrounding 
t issue,  This variation is probably attributable t o  differences between dogs 
or t o  differences i n  surgical trauma and anesthesia, Figure 32 shows the 
results of one experiment i n  which there w a s  a marked increase i n  the 
speed while the dispersive nature of the pressure waves was not altered. 
The other 4 experiments gave results which showed a smaller rise i n  speed 
than that shown i n  Figure 32, which is representative of the results of 

the first two experiments mentioned. 
The damping, on the other hand, w a s  not significantly different. 

A s  can be seen from Figure 33, the attenuation i n  the presence of the sur- 
rounding medium w a s  essentially the same &$ i n  the exposed case. 

Torsion Waves 
The effect  of surrounding t issue on the transmission of torsion 

waves appears t o  be most dramatic. It was found tha t  the fascia which sur- 
rounds the carotid &ery completely &qps out the induced torsion waves 
over a distance of less than 4 cm. In other words, with 4 cm of essentially 
undisturbed t issue around the vessel, no torsion waves could be detected 
at the distal station when the station closest t o  the shaker (proximal) 
was  undergoing torsional wallmotfon on the order of 2 mm peak-to-peak. This 

result was independent of frequency i n  the range 20 t o  100 Hz and was found 
i n  5 dogs. 
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Axial Waves 
The effect  of the surrouuding t issue on the phase velocity of axial 

waves is small  and appears t o  vary between animals. Six experiments w e r e  
conducted t o  study t h i s  effect. In two of them the phase velocity was def- 

ini te ly  higher i n  the presence of the surrounding medium than i n  the exposed 
case while i n  the remaining four experiments there was  essentially no dif-  

ference in  the speed as measured under the two conditions. In  fact ,  i n  
some cases the velocity was  slightly less i n  the case of surrounding t issue 
than in the exposed case althou& the magnitude of these differences were 
within the experimental error associated w i t h  these measurements. The re- 
sults of one experiment are shown in  Figure %. This experiment showed 

quite a marked change in  the presence of the tissue. As in  the case of 
pressure waves, the explanation of the differences notedbetween dogs i s  

probably the resul t  of individual variations and slightly ciifferent trauma. 
The manner i n  which the t issue effects the damping of axial  waves 

also appears t o  vary between dogs. In some experiments the damping was  
significantly higher in  the presence of t issue than i n  the exposed case 
while i n  others the attenuation was  essentially the same. Figure 35 shows 
the results of one experiment where the difference was  particularly great. 
Note that instmd of the data following an exponential decay pattern, it 
appears that a more complicated relationship exists between the amplitude 
ra t io  and the distance traveled i n  wavelengths. While the other e q e r h e n t s  
did not show a change i n  attenuation as large as that i n  Figure 35, the 
same Change i n  shape was apparent i n  most of them. 

Discussion 
It seems that the following statements may be m a d e  regarding the 

effect of the surrounding t issue on the transmission chasacteristics of 
the .three ty-pes of waves. The phase velocity of the pressure and axial 
waves appears t o  be at  least mildly effected by the presence of the sur- 
rounding medium i n  some dogs while both waves do not show a consistent 

pattern between dogs. Torsion waves appew t o  be so strdngly damped , 

by the t issue that no quantitative statements can be made regarding the 
effect of the surrounding medium. The damping of pressure waves was  not 
significantly effected while the attenuation of the axial waves appeared 
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to change shape and increase over that in the exposed case. These conclu- 

sions of course only apply over the frequency and amplitude ranges covered 

i n  these experiments. 



VI. SUMMARY AND CONCIUSIONS 

The application of wave transmission techniques t o  the study of the 
mechanical behavior of the carotid artery has been carried out in anesthe- 

tized dogs. The dispersion and attenuation of small amplitude distension 
(pressure), torsion and axial waves have been measured under various con- 

ditions. In addition, the components of the naturally occurring w a l l  dis- 

placements were determined along w i t h  the speed of the natural pressure 
pulse wave in the carotid artery. 

wave is between 8 and 13 m/sec depending on the transmural pressure. The 
higher speeds are associated w i t h  higher arterial pressures. A t  normal 
blood pressure levels the speed was found t o  average 10-ll m/sec. The pres- 
ence of the surrounding tissue did not change these results. 

The velocity of propagation of the front of the natural pressure 

In the case of the exposed vessel, there was no naturally occurring 
circumferential. w a l l  motion in the carotid artery that codd be detected 
by the methods of data acquisition and analysis used herein. There was, 

however, a r ~ :  b h e r  large a x i a l  w a l l  displacement (.5 m) which was made up 
of two components--one assooiated w i t h  the traveling pressure pulse wave 
and the other the result of motion of the heart w i t h i n  the chest cavibj 

during the normal cardiac cycle. This latter component was highly damped 

and ceased to exist about 10 cm above the brachiocegblic while the pres- 

sure pulse component was present over the entire length of the carotid 
artery studied. 

Increashg the transmural pressure had a dramatic effect on the 
phase velocity of smal l  amplitude pressure waves. Raising the arterial 
pressure by 100 ma Hg would cause a 100 percent increase in the speed of 

the ar t i f ic ia l ly  induced pressure waves. This increase i n  speed appeaxs 
t o  be the result of a change in  the mechanical properties of the blood 
vessel in rerponse t o  increased pressure rather than a flow effect. Torsion 
and axial waves showed l i t t l e  or no change i n  their  transmission character- 
i s t ics  due to  change i n  the transmural pressure. 

The dispersion and attenuation of pressure and axial  waves appear 
t o  be independent of the ini t ia l  amplitude of the disturbance within the 
ranges covered i n  these experiments. The damping of torsion waves, on the 
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other hand, is  quite dependent on Ao. Increasing A. by a factor of three 
can increase A/A from .5 t o  .7. The phase velocity of torsion waves is 
virtually independent of A. howevere 

dinal strees which results in a strain of about .4. Changes i n  the level 
of axial s t ra in  have a significant effect  on the dispersion of all three 
types of waves. In alz cases, decreasing the i n i t i a l  stretch resulted in 

a decrease i n  the phase velocity. The amount of change varied w i t h  the 
level of strain. This result is not unexpected on the bais of the stress- 
s t ra in  tests made on a segment of excised artery. These results predict 
a lower value of Young's modulus at the decreased levels of strain. In 

fact, on the basis of a s-lified eqression for the speed of the axial 
wave) the decrease in velocity observed can be directly related t o  a de- 
crease in the effective Young's modulus. 

0 

The carotid artery i n  its natural s t a t e  is subjected t o  a longitu- 

The effect of the surrounding medium on the transmission character- 
i s t i c s  varies substantially between dogs. In some cases the speed of the 
axiaL and pressure waves was increased due t o  the surrounding medium and 
the trmsmission decreased (i.e. A/Ao became smaller at  any &/A ) while 
i n  others there was no change. Torsion waves, on the other hand, were 
completely damped out over an unexposed distance of less  than 4 cm. 

The primary purpose of this research w a s  t o  determine the disper- 
sion and attenuation patterns for  the three types of waves the exposed 

carotid artery. The results indicate that the pressure wave is nondisper- 
sive and has a speed of about ll m/sec while the torsion and axial waves 
are m i l d l y  dispersive w i t h  speeds that range between 15-24 and 25-35 m/sec, 
respectively, for  frequencies between 20 and 100 Hze The damping of a l l  

three types of waves appears t o  be independent of frequency and can be 

approximated by A/Ao = e q (  -k &A) . The range of the logarithmic decrements, 
k, for  the various waves is: pressure--.8 t o  1.5; torsion--4.0 t o  6.5 
(dependent on Ao); and axial-3.5 t o  5.0. 

on various mathematical models far the mechanical behavior of arteries,  it 
appears that the vessel wallbehaves in a nonisotropic fashion. In fact, 

the carotid artery of the dog seems t o  be about twice as extensible i n  the 

a x i a l  thau i n  the circumferential direction. While t h i s  conclusion has been 

When these results are compared with theoretical  predictions based 
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