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ABSTRACT
TWO-DIMENSIONAL NONLINEAR ANISOTROPIC ELASTIC AND
IN=-VIVO PHYSIOLOGIC PROPERTIES OF THE STEER

THORACIC AORTA BASED ON IN-VITRO BIAXTAL TESTING

Joseph J. Manak
Master of Science in Engineering

Youngstown State University, 1977

A Biaxial Test Program was conducted for the purpose of
determining the in=-vitro stress=-strain-elasticity relationships
of the steer thoracic aorta blood vessel material under the con-
dition of plane stress (two-dimensional) loading. The non=linear
anisctropic properties of the incompressible material are descri=-
bed in Chapter VI. Applying the in=vitro properties of the ma-
terial to the in=-vivo or physiologic condition of normal blood
vessel pulsatile pressure and longitudinal tethering loadings,
the functional characteristics of the blood vessel are deter=-
mined for the in-vivo state. Physiologic predictions of vessel
wall distensibility, wall stresses and strains, modulus of elas=
ticity, and hemodynamic characteristics, are made based on the
in-vitro properties of the aorta material. These analytical
predictions are compared with the in-vitro and in-vivo experi=-
mental findings of other investigators and are found to be in

good agreement.
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CHAPTER I

INTRODUCTION

In the past thirty years the application of engineering
principals to the understanding of the human body and to the de-
sign of artificial limbs and organs has been dramatic. In this
time period much research and experimental work has focused on
the basic principals underlying muscle mechanics(stratified and
cardiac), the biological tissue material properties of skin and
smooth membrane muscle, including the major blood vessels of the
venous, pulmonary, and arterial systems. The principals of fluid
mechanics have been used to determine preliminary flow character-
istics through tapered vessels of both large and blood cell size
vessels, through bifurcations, and even within the major organs
such as the ventricles and valves of the heart, chambers of the
lungs, and the functioning of the kidneys. The results of such

3

research are contained in the writings of Fungz, Bergel”, and
Mirskys.

During this period, most of the work conducted in the area
of determining basic material properties and characteristics has
been limited to uniaxial type of testing. It has long been
realized that the two or three-dimensional material properties
of biological tissues under conditions of normal physiologic load-

ing strains must eventually be defined. The non-linear and

Viscoelastic nature of bioclogical materials under the influence



of natural state(pre-stress) and physiologic pressure loading
results in finite or large deformations(20 to 70% elongations)
under normal physiological conditions. The effects of hyper-
tension, hypertrophy, drugs, disease, and nervous system activity
cannot be assessed until the normal state of the tissue, muscle,
or blood vessel material is accurately defined. The determination
of the two or three-dimensional material properties of the major

blood vessels will lead to:

l. An improved understanding of the static and dynamic
properties and characteristics of the material in-
volved under the influence of interacting stresses
and deformations in the in-vivo state.

2. The design and development of improved materials
for prosthesis or artificial organs which more close-
ly simulates the in-vivo or natural state of the organ
or tissue.

3. A more accurate description of the fluid flow static
and dynamic boundary conditions to be used in the
solution of hemodynamic problems at such locations
as bifurications, heart valves, and throughout the
wide ranging arterial and venous systems.

The purpose of this thesis is to report the results and
findings of a biaxial test program conducted during the summer
of 1976 by the writer at the Pennsylvania State University
Engineering.Science and Mechanics Department. During this period
a relatively simole and inexpensive biaxial test set-up was de-
Signed, assembled, and used to determine the two-dimensional
(plane stress) material properties of the Steer Thoracic Aorta
at three longitudinal locations along its length. The tests were
conducted in-vitro. From the test results the two-dimensional
constitutive equations of stress vs strain, modulus of elasticity

V8 sirain, and other material characteristics can be derived.



Using such eguations, which describe the passive or steady

state characteristics of the aorta material in-vitro, the func-

tional physiological characteristics of the vessel in-vivo, such
as diameter changes, principal stresses and strains, and volume

can be estimated without the need for performing in-vivo tests.

The two-dimensional material properties and the resulting physio-
logic analysis is contained within Chapters VI and VII respectively.
The tests conducted in this study, and the resulting

analysis and findings, represent a "first time" successful
accomplishment in the area of major blood vessel or biological

15

tissue rheology. Lanir and Mung in 1974 reported the design of
a very intricate and expensive biaxial test apparatus for similar
investigative purposes. Using their apparatus and working with
rabbit skin Lanir and Fung16 reported the results of some pre-
liminary two-dimensional materials properties. For some unknown
reason no attempt was made to conduct the tests under varying
combinations of two-dimensional tension strains which would

facilitate the determination of the constants in the constitutive

equations for the material.



CHAPTER II

RHEOLOGY OF LARGE BLOOD VESSELS

Introduction .

The large blood vessels of the animal body are generally
classified as being those vessels which either supply blood to
the heart(venous system) or which returns the blood from the
heart(arterial system) to the various body organs and tissues.
Excluded from this classification are the small arteries, cap-
illaries, and the small veins. Thus, "large vessels" herein refer
to the ascending and descending aorta(thoracic aorta) artery
which supply the major organs and arteries of the body with fresh
oxygenated blood under pulsatile flow conditions as supplied by
the left ventricle of the heart during the period of systole.

At the instant of aortic valve opening, the heart ejects
blood at a pressure of 80 to 100 mm Hg. The cardiac muscle then
contracts with increasing muscle fiber shortening velocity thereby
ejecting the fluid with increasing pressure and high velocity with
final peak pressure build-up being in the range of 120 to 140 mm
Hg. At the completion of ejection the aortic valve closes, the
muscle relaxes for a short period, and refilling(diastole) of the
ventricle begins. Thus, the heart is an intermittent pump which
releases blood to the arterial system at a frequency of 70 to 80

cycles per minute. The blood ejected into the ascending and thoracic



aorta is in the condition of pulsatic flow rate and pressure.
If the heart released such flow into a relatively stiff vessel
the benefits of the high velocity pulsatile flow would be dimin-
ished in terms of forcing the blood efficiently into the smaller
arteries of the body. Thus, the ascending and thoracic aorta is
a flexible tube which due to its low and varying longitudinal
elasticity characteristics aids in the transmission of the pressure
wave thru the arterial system in a most efficient manner.
Discussed in the following paragraphs is information
pertaining to the rheology of blood flow thru the large vessels.
While the basic purpose of the thesis concerns itself with the
thoracic or descending region of the steer aorta, the information
is applicable to all large blood vessels in general. The basic
characteristics of such blood vessels are that they display
non-linear passive and non-linear viscoelastic material properties
under the influence of in-vivo environmental loadings. This thesis
concerns itself with obtaining knowledge relative to the in-vitro
passive properties of the aorta tissue, i.e.: constitutive equa-
tions of the material under the influence of steady state or near
steady state loading, and the behavior of the in-vivo vessel under

the condition of pulsatile loading.

Material Composition

Like most biological tissues, the blood vessel tissue is
composed of a complex parallel assembly of collagen fibers wound
loosely around the less stiff elastin fibers which lay within a

gelatinous matrix of smooth muscle tissue having high liquid



content. Further complicating the physical properties of the
composite material is the fact that both the directional
arrangement and the relative quantities of the collagen and elastin
constituents vary with longitudinal position along the length of
the vessel. This is particularly true for the ascending and
thoracic regions. Thus, while the tissue material can be con-
sidered as being homogeneous at a given location, or for a particle,
it is non-homogeneous over a short distance of its length.

Bergel9 summarizes the elastic modulus(E) of the arterial

wall constituents as being:

collagen 100-1000 (dynes/cm2 x 106)
elastin 5=10 e
smooth muscle 0.1=2.5 "

As we shall see in Chapter III the wide range in the
elastic moduli of the fibers(as indicated above), the relative
size of the fiber diameters, and the fact that the collagen fibers
are initially loose(not taut relative to the smaller diameter
elastin fibers) all contribute to the non-linearity displayed in
the material stress-strain relationship. Thus, the material dis-
plays non-Hookean response, i.e.: stress is not linearly related
to strain throuszh a proportionality constant called the modulus of
elasticity(E), or: T % EE. This same characteristic can also
be found in such engzineering materials as rubber(natural and

Synthetic) and most soft polymers.



Physiolozic Loading and Geometry

The blood vessels can be considered to be hollow tubes
transmitting flow under constant or pulsatile pressure(p) causing
diametrical or tangential deformation and wall stresses. They
are also subjected to a longitudinal tethering force(F). Figure 1
shows the loading of an arterial segment, its geometry, and the
principal stress element of the wall material. The sign con-

vention for positive forces, stresses, and directions is shown.

Figure 1 - Loading and Geometry of an
_Arterial Segment

Pressure Loading - The internal pressure of the blood for

normal, healthy animals in the thoracic aorta locale is pulsatile
havinz a mean pressure of approximately 150 to 160 cm H,0 and a
pulse pressure variation ranging from 20 to 40 cm H20 in magnitude.
Dukes1 states that the normal resting steer aorta pressures are
approximately 143, 156, and 169 cm HZO for the mirimum, mean, and

maximum pressure values. Values of 140, 155, and 170 cm H,0 will

2



be used in the following chapters. Under the abnormal physiologic
conditions of hypertension and hypertrophy the above values of
pressure would not be valid. The fluid pressure acting on an
element of the tissue produces radial(G'r) and tangential(Gb )
stresses within the material. Thus, deformations of the wall
material are principally radial and circumferential in nature.

Longitudinal Loading - When a blood vessel is excised

during in-vivo experiments the vessel is found to contract a sig-
nificant amount causing the cut edges to become separated from

each other. This indicates that in the natural state(in-vivo)

the vessel is under the influence of an approximately constant state
of tension strain caused by a longitudinal force. This longitud-
inal state of loading is called longitudinal tethering, or
tethering, and is typical for all blood vessels due to their uniform
diametrical attachment to the surrounding perivascular tissues.

The findings of several investigators, noted by Fungz, indicate a
percent contraction of fhe excised vessel ranging from 25-34% for
both dog and man. Thus, the in-vivo stretch or extension ratio of
the vessel is anproximately 7‘2 = 1.30 under normal steady state
conditions. The longitudinal extension ratio is defined as follows:

} _ in-vivo length(stressed)
z  in-vitro length(unstressed)

L
s
o

Patel and Frylo carried out experiments(static and dynamic)
both in-vivo and in-vitro which studied the properties of longi-
tudinal tethering of the dog aorta under the physiologic influence
of both steady state and pulsatile pressures. Their findings show

that for normal physiologic pulsatile pressure loading, the static



and dynamic properties are essentially linear and approximately
constant due to the small cyclic strains caused by the internal
fluid friction forces and the viscous nature of the perivascular
inertia forces. The characteristics of tethering could be mathe-
matically modeled using a spring-mass-damper system which verified
that the static and dynamic modulus of the wall tissue is linear
with only a small phase angle( £ 10°) lag in the 1 to 10 Hertz
range. The linearity of the tissue properties in the longitudinal
direction was again verified by Patel, et al.ll, in their in-
vestigations which were conducted to verify the "incremental
theory", reference Berge13.

Since this investigation is concerned with the in-vitro
simulation of in-vivo loading of the aorta material the tethering
force(F) was simulated by applying constant longitudinal extension
(strain) ratios of ?.z = 1.25, 1.30, and 1.35 to the biaxial test

specimens.

Elastic Symmetry

Due to the nature of the material constituents of the
aortic blood vessel wall, previously described, the question was
raised as to whether there exists significant internal shear
stresses within the tissue and thus whether the geometric axes
(r, © s z) could be considered to be the principal stress-strain
axis for the material under the physiologic loading of internal
pressure and tethering force. The significant variation of the

material constituents relative to site location along the aorta
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tree, at first glance, would indicate that the directional or
orthotropic properties would result in significant shear strains
and thus the principal strain axis would not coincide with the
geometric or loading axis. For this purpose Patel and Fry12
conducted ingenuous tests using long segments of the descending
aorta, abdominal aorta, and of the common carotid artery under
physiologic ranges of pressure and simulated tethering forces. The
tests consisted of measuring curcumferential and longitudinal strains
including shear strains(angle of rotation) in the longitudinal-
circumferential and the radial-circumferential directions under
conditions of varying pressure and longitudinal forces. Their re-
sults show that under normal physiologic loading(p « 180 cm HZO)
the shear strains are not zero in magnitude, but are definitely an
order of magnitude less than the circumferential and longitudinal
strains. They conclude that blood vessels can be considered to be
cylindrically orthotropic tubes having elastic symmetry about the
planes perpendicular to the r,©® , and z directions. Thus, the
principal stresses and directions, as shown in Figure 1, are
apolicable and represent the only significant stresses which act
within the vessel wall material. Thus, elastic symmetry will be
assumed in this work.

The significance of these findings is that torsional de-
formation of the interior(lumen) surface is minimal, wall surface
and wall nutrition is not compromised, and that geometric torsional
disfiguration and fluid friction forces are minimal at conduit

geometrys such as bifurcations and small artery branches found at



various locations along the length of the major blood vessels.

Vessel Wall Thinness

While the longitudinal stress, O'Z, is a function of the
wall radius and thickness, calculation of the tanzential wall
stress,(Ea , requires that the vessel wall be classified as being

13

either a thin or thick wall cylinder. Bergel9 and Learoyd -~ report
that the physiologic in-vivo ratio of mid-wall radius to wall
thickness(rm/h) ranges from approximately 7.1l to 16.6 for the
thoracic aorta of man and dog. Thus, the aorta wall can be classi-
fied as "thin wall" meaning that the tangential and longitudinal
stress distributions across its thickness are approximately con-
stant. This assumption will be used in subsequent chapfers but
when necessary it will be corrected for any significant deviation

from the thin wall theory which is applicable for ratios of

>
rm/h = 10.

Incompressibility

It is generally recognized that rubberlike materials,
Treloér4, which are capable of sustaining large and non-linear
deformations(as large as 100 to 600% elongation) exhibit a very low
degree of compressibility. This is contrary to most engineering
materiéls, ferrous and non-ferrous, which exhibit the property of
being a compressible material within their elastic range. Prior
to 1968 extensive experimental investigations of biological

materials left the guestion of incompressibility in a state of

11
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confusion. Carew ' conducted extensive tests along the aortic
tree, pulmonary artery, and the common carotid artery and con-
cluded that "for most practical purposes arteries may be considered
incompressible.”" The findings of Carew essentially settled the
question and have since been recognized as being conclusive.

Thus, the aorta wall material will be considered to have infinite
resistance to material wvolume change under a state of deformation.
This means that for a cube of material having sides of unit length
in the undeformed condition that in the deformed condition the
product of its three principal stretch ratios, or lengths, will be
equal to unity. This will subsequently be shown below and in
Figure 2. The condition of material incompressibility simplifies
theoretical and experimental work whether we classify strain in the

biological engineering sense as extension ratios(} ), or as per

large deformation theory(E& ).

Wall Stress Ecuations

If a longitudinal plane containing the z and r-axis is
passed thru the arterial segment of Figure 1 and a free body
diagram of the cut thin wall segment is drawn we obtain from equil-
ibrium considerations the relationship for the true tangential wall

stress, 0, , as being

2
Gg = prm/h , gm/cm (1)
where: p = internal pressure, cm H,0.
B3 ju mid-wall radius in the stressed condition, cm.
h =

wall thickness in the stressed condition, cm.
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Equation (1) represents the true tangential wall stress based
on the deformed geometry of the blood vessel wall.

Similarly, by passing a vertical plane through the segment
containing the & and r-axis we obtain the relationship for longitu-

dinal wall stress, (Tz, as:

(i 3 F/2 1T rmh £ gm/cm2 (2)

z

where: F longitudinal force, grams

for an open vessel with an applied tethering force, or:

G—z = F/27 rmh + prm/2h (3)

for a closed end vessel with an applied tethering force,as is usually
required in the testing of vessel segments in-vitro. Equation (2) re-
presents the in=-vivo state of longitudinal stress.

The radial stress is simply defined as

T = -p/2

T

%)

which is simply the average pressure acting on the inner and outer

wall of the thin wall vessel. Normally the value of G'r is of the mag-
nitude of 70 to 90 gm/cm2 which is an order of magnitude less than that
of % and G”z which normally exceeds 1000 gm/c:m2 in the physiologic
state. Thus, G"r is normally assumed to be negligible and is deleted for
analytical simplification purposes. For biaxial testing, Chapter V, a

Plane stress condition exists such that Q.

B ? Q"z> 0 and G'r = 0.

It is important to point out at this time that equations
(&) through (3) represent true stresses based on the deformed geo-

MELry of the blood vessel under the influence of longitudinal and
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pressure loading. This is pertinent because the deformations of the
aorta wall material during in-vivo loading are not linear or infin-
tesimal in magnitude. Instead, the material response to loading is
nonlinear and the deformations are finite and significant. Thus,
principal stresses based on the original, or unstressed geometry,
are both misleading and inaccurate. Use of unstressed dimensions,
designated by the subscript "o', will be used, but will be corrected

to the deformed state in all cases.

Definitions of Strain

Strain is the measure of deformation of a material relative to
some reference dimension such as initial length, volume, or angle. As
such, there is no unique measure of strain. Three different measures
of strain are the Cauchy measure, Kirchoff measure, and Hencky measure,
each of which have its merits.

Figure 2a shows an initially undeformed prismatic element
having edge lengths as defined and orientated in the directions of
the principal axes, z, @ , and r. This element is deformed (due to
loading in the principal directions) into a prismatic element having
edge lengths of Lz,iLe, and Lr and is in the state of zero shear de-

formation, Figure 2b.
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Figure 2 = Prismatic Strain Element

Assuming that the strain is infinitesimal, the strain or
elongation per unit of original length in the nth direction is:

éhz_L_“_:_L_ol‘.z LZ‘.- =?n-l

v ko (5)

where: n = 2z, 6 , r principal directions

This measure of strain is called the Cauchy measure and
is used for conditions of linear and infinitesimal deformations ex-
perienced by most engineering materials including biological
materials such as cardiac and skeletal muscle where deformations
are usually limited to 3 to 5% of muscle length. Equation (5) is
often referred to as "engineering" or "conventional" strain.

The ratio of the deformed length to the original or un-

stressed length in the direction n of loading or deformation

7\n = L/Loy (6)

is commonly referred to as the extension ratio. This measure of
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strain is generalized for finite deformations and is most often
used for the measure of strain or deformation of biological tissues
such as skin, smooth muscle, and blood vessels where the deform-
ations are usually large and non-linear in nature. A more
practical reason for its common usage is that biological material
deformations such as change in diameter or change in length can
usually be measured either mechanically or electro-mechanically
with relative ease in the in-vivo and in-vitro states. Thus,
equation (6) will be used hereafter as a unit of measure of strain
of the aorta wall tissue during axial and biaxial specimen testing.
Applying equation (6), the extension ratios for the
principal stress element of Pigure l(arterial segment) in the three

principal directions of element loading can be defined as:

Moo= UL, (72)
?é = c/co = d/do = rm/ro (7v)
.= b/n (7e)

where: L and Lo’ ¢ and c,s d and do’ T and Tos h and ho
are defined as the stressed and unstressed length,
circumference, diameter, radius, and wall thickness

of the blood vessel or test specimen.

Note that the stretch ratios exceed the corresponding

conventional or Cauchy strains by unity, i.e. }‘n = E'n + 1, and

that:
a) for the unstressed condition - ?.n = 1.0 ’ é’n =0
b) for tensile loading or strain - ;q>10 ’ éx1> 0
¢) for compressive loading or strain - 7‘n< 1,20 ’ én <0

From the definition of incompressibility given on page 12
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we can state mathematically that:

M Rp = L0 (8)

The significance of the "Incompressibility Equation",
equation (8), is that if any two values of the extension ratio or
the strain are known the third value can be conveniently determined.
In the case of blood vessels the change in both length and diameter
can be measured but the accurate measurement of wall thickness is
almost an impossibility both for in-vivo and in-vitro situations.
Thus, the incompressibility equation facilitates the detesrmination
of ?'r or wall thickness values in both experimental and theoretical
analysis.

As we shall see in the following chapters the material
stress-extension(crn vs 2‘n) curves for both the axial and biaxial
loading conditions are highly non-linear in character and the

physiologic strains exceed }}1> 1.20. Such curves show an approx-

imately initial linear region followed by a gradual and finally a
sharp exponential relationship of true stress vs strain. For such
highly non-linear elastic materials which also display viscoelastic
properties the development of a non-linear theory advance by Rivlin6

and Vaishnav18 proposes the use of the Kirchhoff measure of strain

defined as:

1
€,= 2 M-1) (9)
Which is often referred to as the Green-St. Venant strain. This
Mmeéasure of strain has the distinct advantage of considering non-
(linearity of the material and has the tendency to linearize the

IEESBScstrain equations and thus facilitate ease of calculation.
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Equation (9) will be used extensively in this study of the thoracic
aorta wall material properties.

A comparison of equation (5), linear theory, and equa-
tion (9), non-linear theory, is shown in Figure 3 which also
includes the sometimes used Hencky or Natural strain measure de-

fined as:
Ln

cl AL»\ = »
El . i.—_— = (?)

w

(10)

©

Note that all three measures of strain are identical when the
stretch ratio is equal to unity(unstressed), i.e. éin = Ein.'

=1
En=oa’t }nSIQOO
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CHAPTER III

AXTAL SPECIMEN TESTING

Introduction

The purpose of the axial specimen testing was not to define the

stress=strain ( & wvs 7’) relations but rather to depict the general ma=-

terial behavior and characterization at each of the three selected thoracic
aorta sites (Figure 4). This information was then compared with that ob=
served from the biaxial test program (Chapter VI). Then it was related to
the physiologic predictions (Chapter VII) for the in=vivo aorta blood ves=
sel which were derived from the two-dimensional stress=strain constitutive

equations.

Thoracic Aorta Specimen-Location and Data

Figure 4 describes the ascending and descending aorta blood ves=
sel geometry and the configuration of the axial and biaxial test speci=
mens used in this study. A total of seventeen steer aorta specimens were
; obtained and each was tested at the three longitudinal locations shown.

The proximal thoracic specimen was removed at location Z = 5 cm, the mid
fhoracic specimen at Z = 12 cm, and the distal thoracic specimen at a dis-
tance of Z = 20 cm from the distal locale of the ascending aorta. Of the
Seventeen animal specimens, three were used for tangential and longitudinal
»%Vkial tests at each site and the remaining fourteen were used for the
axial testing at each site (Chapter V). The symbolic nomenclature for

1 test specimens is also shown for both the load and extension
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scending Aorta

% Ewm)

Longitudinal Axial

Specimen

Tangential Axial
Specimen

Biaxial Specimen

. Z=17
Thoracic

Aorta

(b) - Biaxial Specimen

Figure 4 Steer Thoracic Aorta-in-vitro:
Specimen Site Location, Aorta Geometry,
and Nomenclature
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directions, and the unstressed specimen dimensions of length-width-
thickness.

The healthy steers, ranging in weight from 940 to 1204 pounds
(1058 avg.) , were sacrificed, the aorta removed and stripped of the ma-
jority of the exterior tethering tissue, and then cut longitudinally
along its length so that the specimens could be removed and prepared for
testing. At each specimen site the unstressed vessel circumference and
the average unstressed wall thickness of the blood vessel was determined
so that the information could be used in the subsequent testing and analy-
sis. A summary table of animal weight and aorta dimensions is given in
Table 1. Figure 5 is a graph showing the variation of unstressed circum-
ference, s and wall thickness, ho’ along the length of the thoracic
aorta vessel.

All specimens were maintained in a fresho.9% saline (buffered)

solution environment (pH of 7.2) during both specimen preparation and

testing either by direct immexsion or by keeping the tissue moist by ap=-
plication of the fluid. In all cases the specimens were tested within a
maximum period of four hours after animal sacrifice and all physical di-
mensions were obtained prior to any load testing. The saline solution
and room temperature during testing ranged from 75° to 80°F.

After the specimens were removed from the blood vessel the remain-
%ng tethering material attached to the outside surface was removed by
|
%nipping with scissors. An attempt was made to measure vessel wall thick=-
8s (specimen thickness), ho’ using hand calipers, but it was found that
ider slight variations of surface pressure the variation in thickness
adings at any one location on the specimens was wide ranging and yielded

Measurement variation of approximately + 17%. The high liquid content
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TABLE 1 - Animal Data & Aorta Specimen Thickness and
Circumference (unstressed-in-vitro)

SocciMAN A NwaaL. | | THeRnss - by (cm) |CircuMFeERENCE- € (Cm)
Ne. WEIBHT | 2.5 2212 |2=20| 2=5 | Z=112 |%2=20
(LbS)
) 10\ 6 0.59 |0.36 |C.l0 i Ag 6.3 5.8
i q6M ‘4R 2 AT 1.5 6.1 6.0
3 1y 55 - 36 — 6.1 5.0 —_
L | ioLo Pt oL
5 94o .55 -4l <21 1.5 6.5 5.9
[ YA -58 -39 19 1.5 .0 5.3
1 494 S -39 -4 T Gl 5.3
& &4 HE -38 .10 1.3 2 5.1
9 qe6 48 .3y .20 4% i 6.3 5.5
41 -5y Y1 -14 1.3 A 5.5
latle .55 -39 23 = cH 5.5
loll 55 3y 6 10 5.6 5.4
it50 — — _—
P14 N e +25 1.5 s S.1
60 56 3 -1lo 1.2 t.o 3.
i Loy —_ — —
lidoc | 0-59@ | 0-4o | Q.16 1.1 6.9 5.9
(N iy i3 i3 Y i3 13
loss | ©.54 | 0.371 | 0.2 | 1.3 £ 5.5
F! ool o.cl 0.0\ 0.10 o. Q.c8
9y 0.0y ocd | c.o3 | 0.8 | ode | c. 30
MID-wALL Rapios - i (em)—lle | 04T | 0.88
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and the extreme softness of the tissue dictated that a gravimetric method
be used. Thus, after measuring the length and width of the specimen the
specimens were then weighed in both air (after light blotting of the tis-
sue) and in saline solution, the tissue volume calculated, and the wall
thickness was then determined. The accuracy by this method was assessed
to be within 4+ 4%. Until a set standard procedure for the determination
of wall thickness is established, and used by all investigators, the use

of the gravimetric method is highly recommended.

Testing

Three tangential and three longitudinal specimens (Figure 4) were
obtained from each of three animal specimens (animal no's. 4, 13, and 16)
for a total of eighteen axial test specimens.

The tangential and longitudinal specimen geometry of width, thick=-
ness, and length (gage length between tensile machine grips) is shown in
Figure 4a. Specimen unstressed width, LA varied from 0,50 to 0.85 cm and
test gage length, Lo’ varied from 2.5 to 3.4 cm with an approximate ad=-
ditional length of from 1.0 to 1.5 cm contained within the loading machine
grips. In all cases, a minimum ratio of LO/Wo of 3.0 was maintained so as
to minimize the effects of grip compression. Specimen thicknesses are given
in Table 1.

4 Like all biological tissue the aorta material displays visco-
elastic characteristics, i.e., its stress=strain properties are time and
train rate dependent. Thus, each specimen was preconditioned and tested
=4 strain rate of 2 cm per minute. The investigations of references 2, 11,
Z 16, and 17 using aorta material show that the effect of increasing

in rate is to cause increases in the true stress, and modulus of elas=-

.ty, and that the viscoelastic effect is generally most significant at
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extension ratios greater than 1.50 where the collagen fibers become most
effective and cause the so-called "knee" of the 0 vs M curves. A value
of 2 cm/minute is recommended as a reasonable value.

Most investigators recommend, but do not specifically define, a
preconditioning of test specimens consisting of three cycles of loading
prior to the conducting of the axial tests. The purpose of the precon=-

ditioning is to achieve an approximate state of equilibrium for the tis=-

sue prior to the conducting of the axial load tests. Preliminary testing
of several specimens indicated that the following procedure should be used

prior to axial load testing.

Tangential specimens = 3 cycles of loading to 7é = 1.70
2 minutes relaxation at Zé = 1.00
Static test to 7b = 2.00
Longitudinal specimens=4 cycles of loading to ?§== 1.70
2 minutes relaxation at ?; = 1.00
Static test to 7% = 2.00

While the above preconditioning and test sequence cannot claim to
be infallible, due to the very nature of the material, it did yield re-
peatable results on those specimens which were used to develop the pro=-
cedure. The hysteresis of the axial test specimens was minimized as evi=
denced by the fact that all specimens showed a permanent deformation of

less than 0,04 Lo (maximum value recorded) after two minutes following

the static test,

The test equipment consisted of the following equipment:

UTM= II Tensilon test machine
load cells = 1000 and 2000 grams
strain rate - 2 cm/minute

SS - 105D - 13 - UTM Recorder
paper speed = 10 cm/minute

Vernier calipers - measurement of specimen gage length, Lo’
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Irue Stress

For uni-axial loading, the extension ratio, ;ﬁ 0’ in the direc-

tion of loading is greater than unity and from the incompressibility equa=
tion, equation (8), the extension (contraction) ratio in the two mutually

perpendicular unloaded directions is

s SR, a1

Thus, the true stress, measured in terms of the deformed geometry,

as a function of the initial or unstressed geometry is:

@ =2 /f Ny & 7ol @my
or G = (e /)7 and T = 0 =0 (12)
or ', SR JAY P and Gg= G‘r =0
where:  A_ = unstressed cross-sectional area = w_h_, e’



Test Results and Discussion

The test results in the form of stress-extension ratio graphs

are given in Figures 6 thru 11 (pages 29 thru 34) and are discussed in

the following paragraphs.

Figure 6 - Figure 6 gives an approximate overall view of the
longitudinal and tangential stress-strain ( @ vs 7* ) curves at each of
the three longitudinal aorta locations using animal specimen No. 16, live
weight = 1204 pounds. Of special interest is the close similarity of each
of the @ -7 diagramsfor the loading in the two mutually perpendicular di-
rections at each of the three specimen aorta locations. This similarity,
but distinct difference, in the shape of the (g and G curves con-
firms the anisotropic nature of the aorta material. If the material were
isotropic ‘3; and 0 ? would be identical, i.e., no directional material
variation of stress vs strain. Also, the direct similarity of the low ini=-
tial slope of the curves followed by an increasing slope for not only each
loading direction at a particular site, but at each of the stress site lo=-
cations tested, indicates that the materiai exhibits orthotropic symmetry
with respect to the two principal directions of loading. Thus, as was
- discussed in Chapter II, the aorta tissue displays both ansiotropic and
Orthotropic behavior due to both fiber directional orientation and the
Varying relative quantities of its elastin and collagen fibers longitudi-
;ﬂlly aiong the thoracic tree., The progressive change in the shape of the
T vs 2 curves from the upper to the lower site shows evidence of
;fincreasing collagen fiber content which causes increasing stiffness

ﬁ.'lastiCity) as we progress along the thoracic tree to the abdominal

ta locale. This observation has been confirmed by many invesigatorsz’ll’lz’17

8 axial test specimens, or arterial segments, and will also be dis=-

3




T T T TR R AR RS L |
1 P e R e e | .:_% HHH !
| [ m i ! | | | 1
| | * ﬁ §Rg Nl ric b Re T M ]
‘ L S| o :
T BARE o= § 5
SR REGERIE EH ] . | b ‘\\\ \ - ] n\\‘ll ;\‘ 8 [ is

"
T 1
—
T
T
1
11
1t
)
1
1 O
T
I
)
0 1
L &
T
N
X
L ¥
I
o L
n
I
A W
A Y
z
AW
b VE
<
S
.

I

T

T

T T
T
I

t

—
]

1

'}

T

Ll

T

1
i
I
T
T
T
— U‘
1!
1T

L] L L LT

tH

Ll
-
ii]

A | i b
HHHHHHH O 4 HHHHHH L] i HH : P HE ] . m
: HHHH] nw,ﬂ% Lyr, B ‘L T L : Y ] 1] : _ (]
: 1 HHHH HHITH : T 1 : ia ] gt i ot : . FHEHHIT : *_: : |
R S i
) A s

T
T
{
T
T
in
4
Tt
t
T
)
T
1
)
(&
ay
&
o3
]
2
—
T
+
=
12
Z
)i
1
3
a
L
=
b
=
=
)
ey
&2
1
+
A
L S
0
i3
&
Lo B
iy
+
5

R ;”m,hcr.nrf.ﬂx retxy | F TTH]g :
MR SR AR AR AR O e T R A T e T
IR




30

L

=
I d
R,
h
jor
=
o
Ao
~

[l
e

—

H R A FHHE T T S ‘
EREw I WA § 7 @ 8 HEEE NN
A 1 T 1 ; E H 8 : ] 5 ]
ik - 5 BEBE 8 § N
HHHEHHTHT M | 1] ; i ul*]

T
1
RS
1
H
o
H
]
T
‘
=
l
T
i
1
1
Il
ik
T
1
!
!
.
:

:
R i
L e e et e i

11171




31

B F | b 3 313 _ 1
| | Uil Vil R 1 il A
| g i |
‘, | TR e R
: : JERRRAgl ||
i il i : .\ﬁmvxw T |
,, ikl il il il
] 1 - ] 1
| 1 - £ H :
i H ‘ ‘ i | i
" P E v_
veclele : i . 4
i : Lo 1 :
M / : s
H - : : 1 P
1 | ‘ o ¥ R AP |
m : i
] / i -
1 ] B i 21 ¢‘r1

1 HHH -
: 1 _ T
1 1 B IS AT M L
. , M i J i 1 m ) | | w & g

[T+

—

ol

— -




B
I
+
T
T
I
T
5

R RS R R, | RERRA R RRRRRRRRY LN R AR MRRRRER O SRR LR . LR hil| % LT i He
L T e e e Lt b R L R LR JARARSE: ; I

L

A §
A
h |
X
I T
1
LY
1
1
A |
A ¥
A 1
A}
A\
L)
T

LY
AW
A |
A ¥
h §
»
h
A ¥
L ¥

T
T
1
—
i
\-
A
) v
\
A WA VA Ul
A )
1 A 1
1
t

2

1
it

1
T
T
N
N,
N
Tt
T
1
T
TT1
I
T
I
T
Tl
T
1
I
I
T
I
I
N
&
T
1
T
T
T
Il
T
N
-
4o Wi
bl
[{a¥
b
-
W
T
)

I
T
T
T
T
J_lL‘
T
T
=

nE EENEEN RRREE 8 EEEEEEREEEEE NS ENENENEN ANERE E nea = EEN 1 ] |
b -] e . — - t14 4 - — 4 {4 = - ol {1 - vv
TR i i T T
HH 1 ARNRRNEE T AENRNE SR mn S u :
HHEHEHEEHE R TR TR HE T T T T
J = 41 -+ 4 - Tt & = - - -

I
T
1
1
|
1
-+
T
T
1
Tt
19 i
1
1
bt
1
1
i
I
I
T

EEE NS FANN RN AR 2 28 58 00 EREaN L FRENE AERAR AN SR BRNE NSRS NES = ¢
I T Wnup HEERSEEEERENEE ﬁuwﬁ L | mEN ] ] 2 2 ]
5 HERE : .M, .H\w: +H Lw‘ 1 i i mrwﬂ.ﬂu. | .h HH 1 :
i 1 LTI :
jRERRaRRtcEar deennaeeR nnan R Rl RS R CRERRAERERRE AR RAA [ eNTs | mddn o | s ]

w
b .. |




T i il It 1 '8 T I3 H T 1
| el TR | | I I | |
PR FHHHA A R H P I T R T T L or R ERSaRRRRESERIES
: ! | !
- H
o HH THIT 1 B - TR HDES amX 40 T FHH HHHHAH L mE RERANRRRA AN
8 ] i h

T
}
10
3
mx
‘
7
]

‘W NERE u‘\\ xv EEHETT 4 L ‘ 5

T
T
T
1
T
11
1
1
1

1
"
1
|
I
T
1
1
1
T
T
1
t
oo
—
1

21

T

1
—

S .

— ]
]
e BaBaN

r-
Jd
as
A4

THIT T TLE:

=t
——
T

——
——

T
EuEs;
T
[
T
L
T
[
o
[
sEEEE
———
s
pmEnl
azas
assss
I
sumEE




34

A A
b. ¢

*

1
T
T
T
1
Fasy
1]

1
1T
1
=
1T
1
I
1
—
T
.
1
T
I
1
T
1
11
S
t
I
A
T

1
T

T

T

1

1
T

muEs I . suERS . . 7 -+
1P HN R EEE T A
T : Tl ]
T TR T e T T T T e Hm ﬂmlcmﬁ.umum ‘
{EAREEd HEcenactende : jt ||6dnal Hamott [t aE ] ,(..‘uu..
3 ] H = . . 3 =1 - EE
e Ev e Al e i

T H
[t
i
T
ﬁ‘
e
(T
gauua
saENE
T
mEE!
—
RS
SeaE
L
smmw
L
pauss
T
L
guEsn
I
snnes
pEmEE
o
—
[t
—
[
ap=na
|
=t
FEE
e
1
:1 ;
IEuEE
3
H
-3
T
-
—
t
—
—.
|
B
==




35

played in the biaxial test program discussed in Chapter VI,

Figures 7 and 8 = These figures more accurately depict the varia=-

tion of G‘e and J z VS 72 relative to site location. Typical for
both loading directions is the very low initial tangent modulus of elas=
ticity, defined as E = d T /d P>, or the slope of the 0 -7 curve at a
given point of stress or strain. The modulus of elasticity increases as
we progress along the aorta longitudinally. In the tangential direction,
Figure 7, the true stress and elasticity of the material increases slowly
with strain at the upper and middle sites but increases rapidly at the lo-
wer site where at 7; = 1,55 the stress is increasing linearly, or the
modulus of elasticity is maximum and approximately constant. The longitu=-
dinal direction loading, G'z vs 7*2, curves of Figure 8 show the same

characteristics but the 'knee'" of the curves is more pronounced at each

site and generally occurs at 7‘2 1.35 to 1.45 which is slightly above
the normally considered physiologic range of 1.25 to 1.34 noted in Chapter
II.

If we assume a normal physiologic range of 1.20 to 1.40 for both
loading directions, one can generally conclude that the vessel wall stress
a!anges from 500 to 2000 grams/cm2 at the lower site and from 500 to 1000
‘ams/cmz at higher locations. The condition of increased blood pressure
aused by various forms of hypertrophy would cause moderate increases in
the tangential stress at the upper and middle sites and very significant
fCreases in stress at the lower site due to the pronounced ''knee'" of the
fVe at this location. This assumes that the wall material constituents
® unaltered in quantity, orientation, or fiber elasticity, due to the

'Siologic abnormal condition.
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Figures 6 thru 8 demonstrate the nonlinear material response to
deformation and its increased resistance (stiffness) relative to increas-
ing deformation. The stress=strain curves further show the trend of ex=-
ponential characterization which is contrary to the linear or power curve
characterization which sometimes is used to simulate the stress=-strain re=-

sponse of most engineering materials.

Figures 9 thru 11 - These graphs show the animal-to-animal tan-

gential and longitudinal variation of the mechanical properties at each
site for animals No. 4, 13, and 16 having live weights of 1020, 1150, and
1204 pounds, respectively. Some of this variation can be attributed to
age, if one assumes that animal age is directly related to weight. Also,
some variation could be attributed to specimen pre=-conditioning which in
itself does not necessarily reflect that a definite equilibrium state has
been achieved by the wall tissue. At values of Z; and 7/ » % 1,40
only moderate variation in stress is evident at each location and thus age
and preconditioning are not necessarily significant factors. However, at
increasing values of strain, :} A > 1.40, the variation in material pro-
perties ( O and E) is dramatic due again to the exponential 'knee' of
the stress-strain curves. As an example, at 25 = ?‘z = 1.60, the varia-
tion in stress ranges from a 200 to 400% variation with magnitudes ranging
om 1000 to 10,000 grams/sz. With such high magnitudes of stress and
Ilsible variations of wall material stress, one can only hope, for the

of tissue life, that the physiologic in=-vivo range of strain is be=
7} = 1.60. As we shall see in Chapter VII, this is fortunately the

for the condition of normal pulsatile flow in healthy animals.
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CHAPTER IV

DETERMINATION OF THE TANGENTIAL EXTENSION RATIOS FOR

IN-VIVO SIMULATION - BIAXTAL TESTING

Introduction

As stated in Chapter I, the purpose of this work is to determine

the two-dimensional (plane stress) constitutive equations for the thoracic
aorta material at three longitudinal locations along its length based on
the results of in=-vitro biaxial tests. From such experimental findings,
the state of wall stress and the deformation of the blood vessel in=vivo
can be then approximated without the need of conducting in-vivo experi-
ments. The question posed for the biaxial test program is essentially:
"What values and combinations of values of the principal extension ra-
tios, 7‘2 and zg’ should be used in the conducting of such a test program
so that the in-vivo deformation of the tissue is reasonably approximated?"
- Obviously, values of }z and 7% ranging from 1.10 to 2.00 could be used

;nd that a near infinite combination of these values would yield a comp=
lete (but not necessarily efficient) description of the stress=-strain

Characterization of the material. To minimize the number of test specimens

0 the value of nine normally used for statistical reasons,and especially
© minimize the critical testing time for each specimen, a method must be
Veloped which yields both an efficient test program (cost and time-wise)
.&representative of in-vivo simulation.

In Chapter II, the findings of other investigators were discussed

fing the in-vivo longitudinal state of loading or deformation. It
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was concluded that )z values of 1.25, 1.30, and 1.35 should be used in
the biaxial test program and would be representative of the in-vivo tether-
ing state. Thus, one part of the question posed has been answered.

In Chapter III, axial test results and discussion, it was obser-
ved that the stress=-strain characterization of the material is approxi-
mately exponential in form. Thus, the material strain energy function
must also be exponential and will be a function of the strains or the
strain tensor invariants. A strain energy function (W) will be deter-
mined, assuming that ?i = 1.30. This function represents a first ap-
proximation of the aorta material tangential properties at each of the
three aorta sites. It will be based on the tangential stress=-strain pro-
perties presented in Figures 9 thru 11 of Chapter III. After having de-
termined the form of W, and the applicable coefficients for the material,
this information can then be substituted into the three dimensional stress
equations and then be equated with the in-vivo principal stress equations
of Chapter II. This will yield an approximation of the values for the
tangential extension ratios applicable to the in-vivo pulsatile flow pres-

sures of 140, 155, and 170 cm H,0, reference Chapter II. Accordingly, the

2

biaxial testing at each site can be reduced to fewer 25 values (and com-
lbinations of )z and)b ) which approximate the in-vivo states. After the
completion of the biaxial and the subsequent physiologic analysis, based
A the biaxial test results, a check will be made to see if the above de-
ieribed method has been satisfactory at each aorta site.

The method outlined above and developed in the following para=-
@phs is based on the experimental and theoretical work of Rivlin19 and

“P4T  working with natural and synthetic rubber. Such material also

D 12 ¥ 4 ¢ %
4¥s finite nonlinear deformation and the exponential stress=-strain
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characteristics similar to that of biological materials. However, while
rubber can also be assumed to bé incompressible, its directional proper-
ties in the unstressed and stressed state are isotropic. The stress
equations (axial and biaxial) used below are based on the Statistical and
Kinetic Theory of Large Deformations as developed by Rivlin and are used
for the aortar material which is anisotropic. It is for this reason that

the method used is an approximation.

Determination of the Strain Energy Coefficients

For an elastic and initially isotropic material, the strain energy
function (W) is a unique function of the state of strain and is defined as
the amount of stored energy per unit volume. The values of the three
principal extension ratios,'}z, 76 5 >r’ specify the state of strain
(shear strains are assumed negligible) and for an incompressible material

(volume constancy):

F (10)

which also implies that W is a function of the strain tensor invariants

defined as:

Logged 1 1

I, =7, + }e + 7‘r (11a)
_ 7 1 2 0\2 1 p 2

Is = By faan” ’e)r g }z (11b)
= z z 1'=

l-3 ’)z}e}r 1.0 (11lc)

Note that equation (10) implies that only two of the three exten-
Tatios are independent by virtue of volume constancy and that equa-
(11a) and (11b) are equal to 3.0 at zero stress state, i.e., ); = &;=
®= 1.0, and that the value of I3 is constant for an incompressible ma=-

based on equation (10). Thus, the strain energy function is a
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. . " 2
function of the invarients I1 and 12 only. Fung suggests the use of a
polynomial or exponential form for W and tests on aorta tissue conducted

by Sharma17 indicates that an exponential-polynomial form can be used for

the aorta material in the form of

c[‘“(l 3)-1] c, (I~

which can be further simplified to

W - Aem(I1-3) (12)

since at low to moderate values of Ea(ﬁl.SO) the coefficients C2 and n

(Sharma17) make the term C2(12-3)n small in magnitude. Thus, equation (12)
will be used to approximate the form of the strain energy function for the
non-isotropic material. The coefficients A and m remain to be determined.

From Rivlin19 and Treloar4, the principal stress for uni-axial

loading in the tangential direction can be expressed as

Oe= 20 % -—>L;:c, /\JIJ

which, using equation (12), can be reduced to

Ly W
= 2( 7;- L35 e Y (13)
[N
Taking the logarithm of equation (13) and rearranging, we obtain:
a.
Log —& — = Log(Am) + m(I,-3) Log (14)
L(AY) B

Thus, using »z = 1.30 and the tangential axial stress=-strain data*
Of Chapter III (Figures 9 thru 11) a graph of equation (14) can be plotted
(on semi-log paper) of the left side of equation (14) vs (11-3). The in=-

tercept and slope of the resulting curves at each aorta location can be

1 *Actual testing was conducted to7é= 2.0. Data was plotted for the
Ull range and to larger scale for improved accuracy.

»
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determined so that the coefficients A and m at each site can be calculated.
The values of the coefficients fcr use in equations (12) and (13) are

listed below.

UPPER MIDDLE LOWER
(Z = 5 cm) (Z = 12 cm) (Z = 20 cm)
b= 380 250 24D . { ugy gubcnr
m = 0.45 0.92 1.50 ; non-dimensional

Calculation of }QValues

Having determined the values of A and m for the strain energy func-
tion, the approximate in-vivo tangential extension ratios can be determined
at each thoracic site for the biaxial or plane stress condition of loading
at the physiologic blood pressures of P = 140, 155, and 170 cm H20 under
the influence of a longitudinal strain of 7; = 1.30.

Using the three=-dimensional stress=strain equations derived by

Rivlin and in Treloar4 (page 156) which are based on their theory of large

deformations (incompressible = isotropic material) the equations reduce to

Jw

G-e L 2( )1,\1) ;—-——I‘
_ 2 \ dw
el AT

for the plane stress case where G;‘= 0. Using equation (12), we obtain

e
T, = 2am( A2~ .\1}1) i (152)
-3)

G, = 2am( ¥ ?;\ (15b)

where A and m have been determined above and I1 is defined by equation
la),

Since the in-vivo tethering or longitudinal extension ratio is
d to be equal to 1.30, equation (15a) can be solved for the corres-

ding values of Z;by equating this equation to the in-vivo equation for
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the tangential stress (Og), equation (1) repeated below:

Og = pr_/h (1)
This equation presents a problem since the in=-vivo (physiologic) values
of the midwall radius (rm) and wall thickness (h) are unknown. This
situation can be rectified by expressing T and h as functions of the un-
stressed values s and ho, respectively, (known from Table 1) using equa-
tions (7b) and (7c), and by expressing 7\r as a function of 72 andiéusing

the incompressibility equation, equation (8). Thus, equation (1) reduces

to:

~ "2

Os= Gor /m) 2% (16)
Equating equation (15a) and (16) gives:
2 _ 2 | m (I, =3)
(pr /h ) 7, R = 2am( 7 - E;—?;)e 1 (17)
Using equation (lla) and recognizing that
2 _ LRl
} r - 1/ }z }e
from equation (10), the strain invarient I1 can be expressed as
= A2 2 292
L= B+ Rt eaf 20N
which upon substituting 7; = 1.30 reduces to
a2 2
I = [y° + .592/7%° + 1.69 : (18)

Substituting ?é = 1.30 and equation (18) into equation (17)

yields:

L3Gr /h ) %% = 2am (A2 - 592/ % DExp [m( A2 + 502/ 747 - 1.51))

Upon dividing both sides of the equation by (2Am 23) simplifies the

tion to:

£1 - 2592/ 7;4)Exp [m( ?éz + .592/}‘\52 - 1.31)] = (.65/Am) (pro/ho) (19)
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Using the in-vitro aorta site values of T, and ho given in Table
1*, the values of the coefficients A and m determined previously, and

the pulsatile pressures of 140, 155, and 170 cm H, O, equation (19) can

2
be solved by numerical iteration technique to obtain the approximate in=-
vivo values of the tangential extension ratio, k;: corresponding to the

physiologic pulsatile flow condition. The results of these calculations

are tabulated below for each of the three thoracic aorta locations.

UPPER MIDDLE LOWER
Pressure (Z = 5 cm) (Z = 12 cm) (Z = 20 cm)
p = 140 cm H20 5. 359 1.24 1.14
p = 155 cm H20 1.67 1.31 1.18
p = 170 cm H20 1.72 1.34 1.20
Conclusion

Based on the results of the above analytical approximaticn of the
in-vivo tangential extension ratios, } , the biaxial specimen test program
will be conducted for those combinations of 7; and 2éshown in Table 2 on
the following page at each of the three thoracic aorta sites. Each speci-
1en will be tested for a total of nine strain combinations. Details re-

arding the biaxial testing are contained in the following chapter.

* ; .
Average values for axial specimens numbers 4, 13, and 16 were

ir?hese values are not contained in Table 1 due to the loss of the
ment records .



TABLE 2 - PRINCIPAL EXTENSION RATIO COMBINATIONS

FOR BIAXTAL SPECIMEN TESTING

Location }z 79
UPPER 1.25
(2 P 1.30 1.60, 1.70, 1.80
1.35
MIDDLE 1,25
12 cm)
1.30 1.20, 1.30, 1.40
1.35
1.25
(& =80 o 1.30 1.15, 1.20, 1.30

1.35
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CHAPTER V

BIAXTAL TEST

Introduction

Fourteen steer thoracic aortas were used for the biaxial test
program with three specimens removed from each as shown in Figure 4, page
21, Figure 12 is a schematic diagram of the test set-up for each speci-
men and shows the orientation of the specimen relative to the loading fix=-
tures, the instrumentation used to measure the predetermined extension ()
ratios, and the instrumentation used to measure the biaxial loads, Pg and

4Pz, needed to obtain the test extension ratio values for each of the two
principal directions.

The purpose of the biaxial testing of the aorta material described
herein is to obtain stress=strain data so that the steady state or passive
two-dimensional (plane stress) constitutive equations (T - € = €) for
the material can be analytically described in Chapter VI and so used in
the physiologic analysis of the in=-vivo blood vessel, Chapter VII, Simi=-
lar testing could be conducted in the future under the conditions of cyclic

i*lding (1 to 25 Hertz) so as to determine the constitutive equations ap=

Plicable to the viscoelastic character of the aorta material.

Test Specimen, Set=-Up, Instrumentation

Each specimen was cut from the aorta (Figure 14) using an aluminum
3;ate having a 1.75 cm diameter hole in the center. The overall speci=

- Size ywas square, 5X 5 (+ 1 mm) cm, and a thin ring of 1.75 diameter
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was impressed on it using non=-toxic azurae A, methylene blue (phosphate
buffered) dye. Figure 13 depicts the geometry of the test specimen.
Each of the two types of loading fixtures (the alligator clamps and the
special grip-pulley fittings) gripped the specimen within 5 mm of the
edge of the specimen. A square loaded test section of dimensions

(aO -1 X (b0 - 1) remained where the stress distribution due to the
directional loads Pg and Pz, Figure 12, is assumed to be uniform at the
center of the specimen and within the locale of the dye-imprinted circle.

The true principal stresses are

g = applied load/deformed cross-sectional area

or G

z
and Ge

456 2 D [(a - h L fapi (20a)

454 Poly/ (b = Db , gn/cm’ (20b)

where ags bo’ and h0 refer to the measured unstressed dimens.ions, 7éand
'72 are the controlled test extemsion ratios, and Py and Pz'are the
measured applied loads. The constant, 454, is required for the purpose

of converting the load from pound to gram units. This is required since
the loading platforms used fractional pound weights and lead shot of vary-
ing quantities. The load cells consisted of heat-treated aluminum rings
(1.250" inside diameter, wall thickness .100" and .250" wide) with four

: active miniature foil strain gages mounted on the inside and outside dia=-
meters., The load cell calibration curve was in units of pounds force vs
Voltage output,or recorder scale deflection.

The preparation of the test specimen and the maintained specimen
€nvironment described in Chapter III was adhered to. Prior to‘installing
Eﬁ? test specimen on the test fixture table (Figure 14) the extension ratio
,&es,}'gages, shown in Figure 13, were sewed to the specimen using black

20N thread, The legs of the ) gages were sewed such that the unstressed
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gage length (Lo) was within the 1.75 diameter circle. The purpose of the
circle was principally for 7‘gage location and to visually observe if shear
deformation of the circle (or ellipse) occurred during the loading of the
tissue.
The 7 gages were designed to have a very low spring constant so as
: to have negligible affect on the applied strain and stress within the test
section. Spring rate tests conducted showed the spring constant to be less
than 15 grams/cm for both gages. The gages were of two different sizes so
that the 90° relative orientation of each could be facilitated with both
gages sewed on the upper (inside surface of the vessel wall) or lumen sur-
face of the specimen. The weight of the spring steel gages was negligible
but the instrumentation wires were supported during the test so as to mini=-
mize vertical (or radial) loading of the specimen.
The load cell and 7‘gages were wired to a four channel Hewlett=-
Packard recorder unit, Figure 14, All calibrations were conducted using
this recorder unit and the sensitivity of each recorder channel was adjus=-
ted so that unit recorder scale deflection readings were directly conver=
ted to either load (pounds) or extension ratio (/) values. This feature
facilitated direct readout of information thereby assuring proper test pro-
- Cedure without sacrificing measurement accuracy and testing time. Also
‘data reduction time was minimized.
The calibration of the load cealls was conducted the day before
€ach test run and rechecked either following the specimen test or on the
following day. This calibration could be conducted on the actual test fix-
ture table using a 5 X 5 cm dummy rubber specimen (tire tube patch material)
nd was considered to be necessary since the test rig was not totally free
* frictional effects between the location of the load cell and the loading

tform, 4 similar calibration and calibration check of the /* gages was
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conducted (using the Hewlett-Packard recorder) but had to be made using
the Tensilon test machine where changes in the gage length, Lo’ could be
accurately measured. The load cells were calibrated to 12 pounds (maxi-
mum) and the 7‘gages to an extension ratio of 1.6 and 2.0 for the z and ©
directions, respectively.

For all specimens, the attachment of the small individual loading
fixtures was made within the .50 cm wide loading area and the fixtures
were equally spaced along the length direction. A continuous string-
pulley arrangement was used as shown in Figures 12 and 14 so as to assure
equal loading at each fixture attachment. To minimize the non-parallel
alignment of the loading strings during stretching of the specimen, the
center to center location of the pulleys of the two different loading bars
were designed to }‘values of 1.30 and 1.50 for the longitudinal and tan-
gential loading bars, respectively. Also, the length of the string was
as long as practical so as to keep angular variation of the loading strings
to less than 2 degrees. All parts were made from aluminum alloy bar stock
and cadmium plated hardware was used. Thus, corrosion due to the use of
the saline solution was minimized including the possible contamination of
the test specimen tissue.

Since the extension ratios ranged from 1.0 to 1.80 and also varied
With respect to the two principal directions two small turn-buckles, shown
in Figure 12, were used to maintain the specimen in an approximate fixed
| Ut adjustable position on the test table so as to maintain the required

0 :
“Y angle between the two principal loading directions.

Test Procedure

Each specimen when initially mounted in the test set=-up was pre-

ditioneq by application of four cycles of loading in the longitudinal
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direction to the value of 72 = 1.25 and approximately simultaneously the
four cycles of loading required to give the lowest value of >g. Since

the pre-conditioning and the final test loadings were essentially manually
controlled care was used to assure that the specimen was not strained to

a value of less than 1.0 in any direction, i.e., compressive strains were
avoided. After a two minute rest period, the biaxial test was initiated
and test loadings were conducted to increasing values of hsfor a given
value of 7~z. As each test combination of ?‘e and ;\z was reached, the
tissue was allowed to stress relax for a period of one to two minutes and
the values of the loads, Pg and Pz, were then recorded. The test schedule
of M loading is given in Chapter IV, Table 2. If any specimen was inad=-
vertently unloaded or partially unloaded in any direction due to tearing or
slipping of the tissue at one or more grip clamps, the test was terminated
at that point. This occurred a few times for the "upper'" specimens due to
the large tissue thickness, the extreme softness of the tissue, and the
significant 7} deformation caused by the high value of the tangential ex=-
tension ratio imposed on the specimen during the test.

After each test, the specimen was allowed to soak for two hours in
the saline solution. The values of aj and bo were measured and found to
agree with the originally measured values within a variation of + 0 to +0.2
« Visual inspection of the tissue thickness indicated a probable re=
;Hction in thickness (especially for the upper site location) and is pro=-
ly due to the reduction in the tissue liquid content caused by the high

Tetch deformation that the tissue was exposed to during testing.

Test Data

Excluding the measuring of the physical dimensions of each test

imen, the test data consisted primarily of recording the measured
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loads, Pg and Pz’ associated with the predetermined strains,7; and }é’ as
given in Table 2, Chapter IV. Using equations (2oa and 20b) the principal
stresses,ﬂa and G;, can be determined. Téble 3 lists the values of these
stresses associated with each combination of strain and is applicable to the
aorta middle site location. Similar test data was obtained for the upper
and lower site locations. Included in the table is the number of speci-=-
mens (N), the value of the mean or average stress (5‘), and the value of the
standard error of the mean (SEM).

An immediate observation of the stress data is the large degree of
specimen to specimen variation. The high to low scatter, or variation,
about the mean is approximately + 30 to 40% of the sample mean stress.

This significant variation was previously observed in the axial specimen
test results (Figures 9 thru 11) of Chapter III and is typical of that
found for biological materials and is the reason why the sample size (N)
should not be less than nine specimens. The analysis of the data in Chap-
ter VI is thus based on the mean observed values. The values of the SEM
are considered to be normal and are generally equal to 5 to 10% of G . The

- value of the SEM is a statistical quantity. It is a measure of the confi-

~dence level and variation of the sample mean.

In his development of the non-linear elastic theory for the rheology
Of large blood vessels, Vaishnavls’3 equates the differential change in in-
térnal strain energy of the principal stress element (Figure 1) to the

Shange in external work done to the arterial segment caused by a differen-
1al increment of internal pressure and longitudinal force. For an incom-
SSible material in which the strain energy function (W) is a function
the strains €g and Ez’ the derivation by Vaishnav concludes with a three

NSional relationship between the difference in principal stresses and

T 1

—
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the strain energy gradients as

Jdw

%- G‘r= (1+2€e)'§'§e
5 Jw

G‘z- G‘r— (1+2€z) a—E—i

where the strain (&) is defined as the non=linear (Kirchoff) strain
given by equation (9).

For the condition of plane stress (biaxial stress) the value of
G} is equal to zero and the above equations reduce to the generalized

for of:

‘w‘/ag_n = @/ +26); (21)

n= 6, 2z

Consequently, the stress data given in Table 3 can be transformed to the
strain energy gradient of the strain energy denmsity function (W) of the

material. Table 4 contains the test data represented by equation (21).

—

==
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CHAPTER VI
ANALYSIS AND RESULTS OF BIAXTAL TESTING
Introduction

The purpose of this chapter is to determine from the biaxial test
data, the two=-dimensional re1a£ionships of stress and strain (Gvs £, S )
for the anisotropic aorta material under a state of plane stress,{T} = 0.
Secondary to this goal is to determine the characteristics of the material
elastic tangent modulus (E) with respect to direction and strain and the
general equation for the radial strain (E}) as a function of the tangential
and longitudinal strains.

Since the detailed analysis and calculations are lengthy for each
aorta test location, the analysis in the following section will be based
on the test data of Table 4 which is applicable to the middle site loca=-
tion. The method and techniques outlined below are also applicable to the
analysis of the biaxial test data at the upper and lower site locations.
The final results of such analysis at each of the three locations will be
IPresented in summary form, both graphically and tabular, and will be used
in Chapter VII for the in-vivo physiologic analysis of the aorta blood
Vessel,

Analysis
Tain Energy Gradient:
The biaxial test data for the middle site location presented in
le 4 i plotted in Figures 15 and 16 for the tangential and longitudinal

Ctions of the biaxial specimen loading combinations given in Table 2.
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The test mean values and the range of the standard error of the mean (SEM)
for the strain energy gradients (dW/dE and dV//JEZ) are plotted against
the non-linear strain (&g and .E_z) defined by equation (9) and the exten-
sion ratio (2; and ?i) defined by equation (6) for each biaxial test com=
bination of strain loading. The graphs show in general that the mathema=-
tical relationship of de/den VS<€n.iS essentially non-linear particularly
since the strain energy gradient must be equal to zero for the state of
Zero strain,Eecn:Eé. This boundary condition suggests and is satisfied
by a general second order polynomial equation of the form

W/JdE = = -2 2
3 e =8 €.+ B E +CEE +D ETHE & (22)

where n =€, .. Using the method of least squares, and the mean values
of the test data shown in Figures 15 and 16, the coefficients, A thru E,
of this equation can be evaluated via matrix algebra. Thus, the mathema=-
tical relationship can be determined using equation (22), or variations
of it, providing that the 'best fit" is achieved which satisfies the ac=-
cepted criteria that the statistical correlation coefficient (r) must

- be = 0.94. Another criteria to be used is that the genmeral form represen=-

~ ted by equation (22) should be reduced to its simplest form (i.e., as few
|

terms as possible) provided that the correlation coefficient criteria is
satisfied.

The graph of Figure 15 shows clearly that the strain energy
8radient (JW/JE,) with respect to the tangential strain is independent
the longitudinal strain. Thus, assuming that the coefficients B, C,
0d E are zero or very small, equation (22) reduces to

IW/de, = A+ Do B2 (€, = 0 to 0.42) (23)

= @PPlying the test mean values to the method of least squares the co-

“*€lents A and D are calculated to be equal to +1920 and ~1034 respec-
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tively, or

Jw /Aae]middle = 1920 €5 - 1034 Eez (24)

for the middle specimen location. The corresponding correlation co=
efficient (r) is calculated to be 0.996 indicating approximately 100%
agreement between the test data and the empirical equation. Thus, the
use of equation (23) for the tangential strain energy gradient is jus-
tified, and it also yields r values of 0,970 and 0.981 for the upper and
lower aorta locations, respectively. Included in Figure 15 is the plot
of equation (24).

Inspection of Figure 16 shows distinctly that the strain energy
gradient (éVV/dEE) with respect to the longitudinal strain is also a
function of the applied tangential strain. Therefore, the general equa-
tion (22) or a variation of this equaticn is applicable. Equation (22)
in its full form yields an expression giving a correlation coefficient
of r = 0.955 and a value or r = 0.964 when reduced to the simpler form in
€, &, of

QW/AEZ =AE +B E +CEE (E0 to0.50) (25)
(2} of

ow/d Ez] middle = 487€, + 885 € - 814 E.E (26)

which is also plotted in Figure 16.

Thus, equations (23) and (25) represent forms for the strain
SHErgy gradient functions and are used at each of the aorta specimen test
izes, 7 = 5, 12, and 20 cm. While not included in this analysis, it is
Ssible to determine the relationship for the coefficients A thru D as a
MCtion of the aorta longitudinal position Z. Thus, equations (23) and

could be expressed in the most general and complete form possible,

Jw -
/Csen e F(ee, ez’ Z)c
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Stress=Strain Relations:

Having determined the tangential and longitudinal strain energy
gradient equations (24 and 26) for the middle thoracic aorta location as
functions of the finite non=-linear strain, the equations for the true tan=-
gential and true longitudinal stresses (based on the deformed geometry) as
functions of the two-dimensional strains can be determined. Using equa-

tion (21) in conjunction with equations (24) and (26) we obtain

2 3 2
Ct"e = 19205_e + 2806 €, - 2068 € (gm/cm™)
2 2
a'z = 487£e+ 885€z + 1soEe£z - 1770€z - 1628€e€z 27)

which represents the relationship of stress and strain applicable to the

biaxial loading of the principal stress element at the middle site location.
The biaxial stress test data (test mean and SEM range) of Table 3

is plotted in Figures 17 and 18 for the tangential and longitudinal stresses

respectively. The derived curves represented by equation (27) are also

shown for direct visual comparison with the test values. The "best fit" of

these equations as measured by the correlation coefficient (r) is the same

as previously noted for the strain energy gradients (SEG) since stress and

- SEG are not independent of each other. Extrapolation of equations (27) or

the plotted curves beyond a strain of 0.50 is not advisable.

Included in Figure 18, d"z vs éz’ €g 5 is the curve for Ee= 0.

This should not be assumed to be the stress=-strain curve for uniaxial lon-

gitudinal loading since the strain in the tangential direction for such

k:ding would be less than zero or compressive strain, i.e., EE;<'O' As

ould be expected, Figure 18 shows that for a given longitudinal strain,

- Corresponding longitudinal stress increases as the mutually perpendi-

;%r S8train E&E(or loading) is increased. Also notice, for both Figures

#0d 18, that the stress-strain curves are very close to being linear
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within the tested ranges of the extension ratios of 7"2 and 7'9.
The above equations can be converted to the more practical (in=-
vivo notation) form of 0:, = f(?}R using the non=-linear strain vs exten=

sion ratio relationship of equation (9). Or:

Tg= 1477 %% - 1219 22 - 250 A° (gm/cn®) (28a)
q, = 653 B4+ aee 22 7 % - 908 » % - 210 7&2 7‘24 (28b)

where the extension ratio is defined in general form by equation (6) or by
equation (7) in the physiologic terms of length-radius-vessel wall thick-
ness. Equations (28) are valid within the range of 7h = 1.0 to approxi=-
mately 1.50.

Thus, equations (27) and (28) represent the two=-dimensional plane

stress equations applicable to the middle thoracic aorta location.
Comparison: Biaxial and Axial(Q = ) Results

An interesting check on the biaxial stress equations (28) would be
~ to compare them with the axial specimen test stress=-extension ratio curves
as given in Chapter III, Figure 10. This has been accomplished graphically
in Figure 19 and is discussed below.
Gé vs 7‘3 : Since equation (28a) is a function of 7éon1y as de=
termined by the tangential biaxial strain energy data, this equation can
¢ plotted directly., As seen, the biaxial test equation exceeds the uni-
al data of the three axial test specimens by a small but consistent
JURt. While the comparison does not show very good agreement, it is
88ible that the variation is due in part to the relative difference in

" SPecimen physical sizes used. But most likely the variation is due

CDn
f€ fact that the tangential stress for wide variations in.}z strain is



T
SEREE
-

67

# Il =t i ] N E L 3 T -
e | i il AT IHEAT I ‘
i HHHHAH a1 I L 5 ol ail 1 “ H 8 | - H 5 T 11.4..
A uEim L r km““ SHERE x5 1] L Ly + = 1 b 3
N B 1 1 b - - - - r

I
13
T
H
I
I
1]
It 1 T
T
T T
=S
W
X
Fem———)
X
i
R
N
Ay
n
1
T
T
I
IT
.
Py
o
@)
X

T IR 11 HH T g
A T L2 PR ] HH . :

A LT T VTR R R
it i A A A A

T i gt i ot ot e st s R AT A e R R T
FERERRRARAH A ce | A S e




68

not actually independent of 72. In tangential uni-axial stress loading
the extension ratio 7‘2 would be considerably smaller than unity in com=-
parison with the biaxial test range of }E = 1.25 to 1.35. On this

basis, equation (28a) is representative of biaxial or plane stress con-

ditions over a relatively narrow range of ) and would not, necessarily,
z

be representative of uni-axial loading. Due to the constraint of the bi=
axial test specimen in the longitudinal direction, the applied tangential
stress, as shown in Figure 19, should exceed the value of the axial
specimen tangential stress for the same value of tangential extension,'k .
472 Vs 7% : Equation (28b) for longitudinal stress is also a func-
tion of the tangential strain %,. For longitudinal uni-axial loading
where the material is free to contract in the directions perpendicular
to the loading axis, the free tangential extension ratio (contraction)

is given by

o =i = [

which is based on the incompressibility equation, equation (8). Sub-
stiuting this into equation (28b) the appropriate or estimated stress=-

strain equation for the uni-axial stress condition becomes
G =6537%-210 >3 -908 > 2 +s66 7 (29)
z z z z z

which is plotted in Figure 19 and can be compared directly with the axial
test specimen data. As seen, the comparison of the biaxial-axial stress
€quation vs axial specimen test stress data is very good within the range
of 7‘2 = 1.0 to 1.40. Thus, while equation (28b) is based on biaxial
test Z;Values of 1.20 to 1.40, equation (28b) appears to be reasonably

alid for tangential extension ratios as low as 0.80. Consequently, it
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would appear that specimen size difference affects are negligible or non-
existent.,

Similar graphic comparisons, as discussed above, were made for the
upper and lower specimen site locations. The upper site comparison re=
sults were almost identical with those discussed above for the middle lo-
cation. The comparison at the lower site for both the tangential direc-
tions were exceptionally good. Thus, a reasonable measure of confidence
level has been achieved between the two widely different types of testing
and the analytical results obtained from the biaxial test program. This
would indicate that specimen preparation, testing, and the analytical

techniques used have been consistent and valid.

Strain-Stress Relations:

In the theory of elasticity, developed by Navier and Cauchy7, a set
of functions characterizing the state of stress is shown to be linearly
related to a set of functions characterizing the state of deformation or
strain; and, conversely, the state of strain in linearly related to a set
of functions characterizing the state of stress. For a homogeneous elas=-
tic isotropic material the linear relationship is identified as Hooke's
Law and contains two elastic constants which define the dependence of nor=
mal and shear stress relative to infinitesimal normal or shear deforma-
tions or strains.

Since the aorta blood vessel wall material is neither isotropic,
0T linearly elastic throughout the range of finite or large deformations
hich the material is normally subjected to, the relationship of stress

® Strain defined by equation (27) and ¢(28) is not a set of linear
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functions but are of the non-linear form:

2 3
Gg=® (£, E° & |
_ 2 2 .
G =6 (&, E_,EE, €5 EED (30)

or

Z

N
v
R

oY

N
V

N
Ba

where strain is defined by equations (9), (6) or (7). The two dimen=-
sional non=linear form of these plane stress ''stress=-strain' equations
cannot be altered to yield an explicit relationship of plane stress
"strain-stress' equations as is the circumstance for materials whose be=
havior can be identified as being isotropic and Hookean.

The biaxial testing (plane stress condition) does not yield the

general relationship of

Gsr L Ei’ Eem’ Ezn)
=1 PE AT 5 (32)
r? ‘g 2 z

- Which would exist for a state of three-dimensional stress or loading.
This relationship would be nonlinear and thus the powers of 1, m, n are
hown but cannot be defined at this point.

Although the strains, Ee, Ez, and Er cannot be simply and ex-
,1Cit1y defined as functions of stress by use of equations (27), (28) or

> (31) the radial strain Er can be defined as a functicn of the tan=-

No=1/2D (33)

I_tial and longitudinal strains using the incompressibility, equation (8),
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where the extension (strain) ratios are defined by equations (6) and (7).
By rewriting equation (9), the definition of the non=-linear or

Kirchoff measure of strain, in the form of
2 _
M= 28 +1

and substituting this into (33), after squaring both sides of (33), we

obtain after rearrangement
E_=1/2 [[1/(2 g+ 1 &, +1) -] (34)

This is a general relationship for the non=linear strain,tﬁr, as
a function of the tangential and longitudinal strains. As such it is

applicable to an incompressible material.

Modulus of Elasticity:

In the classical theory of elasticity for linear infinitesimal
strains, the modulus of elasticity, or tangent modulus, is defined as
the slope of the stress=strain curve at a stated value of stress or

strain. In general, mathematical terms:

E_=4d0/de_ (35)

Wwhich for most engineering materials is a unique constant with the pro-
Portional limit of the material. This same relationship has been used
for the description of the modulus of elasticity of biological materials
Subject to both finite small and large linear and non-linear elastic de-
| Tmation, Bergel3 and Mirskys, and will be used alsc for the aorta blood

€Ssel wall material.

——
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Examination of the middle specimen tangential andlongitudinal
stress=strain diagrams of Figures 17 and 18 show a distinct, but not pro=-
nounced, variation of the slope of the curves over the range of strain from
0 to @.50 and a definite initial or unstressed modulus of elasticity (En )
for the unstressed conditions of Ez =€e= 0. 4

Differentiating the 0 vs € equations (27) per equation (35) the

expression for the in=-vitro tangential and longitudinal modulus at the

middle location becomes

Ee

1920 + 5612&5 - 6204 €, °

(gm/cmz) (36)

€

885 + 180€_ + 3540E& - 3256E& &
z e z e 2z

and the unstressed modulus in the tangential and longitudinal directions
are 1920 and 885 grams/cmz, respectively. Thus, in the unstressed con=-
dition, the initial modulus of elasticity at the middle location is ap=
proximately 1177 stiffer in the tangential direction as compared to the
longitudinal direction. Examination of Figure 10 for the axial test
specimen shows this same characteristic.

Equations (36) represent the magnitude and the variation of the
modulus of elasticity with respect to strain and can be expressed rela=
tive to the extension ratios, 7@ and }\z’ by substituting equation (9)

~into (36) thereby yielding

Eg= £(%) = -2437 + 5908 % - 1551 °
37)

= g( D R 2 B 200 &
E, = g(2,,%) = -1814 + 2609 2 ° + 929 7, © - 839 7 ° 7,

ich for the unstressed condition, 7h.= 1.0, vields the same values for

unstressed modulus of elasticity.

— 7

-
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Equations (36) are plotted in Figure 20 and are discussed below.

Ee vs ee:

Within the initial strain range of E.e from 0 to 0.22 (7\3 = 1.0 to
1.2) the stiffness of the material increases significantly and at £s>-0.22
(2§> 1.20) the tangential modulus of elasticity tends to level off to a
maximum value of approximately 3200 gm/cm2 or a 67% increase in elas-
ticity (stiffness) compared to the unstressed or initial modulud. With-
in the probable physiologic range of ee== 0.20 to 0.50 the value of &g
is approximately constant having a mean value of 3100 gm/cmz. This is
significant since for analytical purposes analysis and calculations could
be simplified, if so desired, with a minimum scarifice in accuracy. How-
ever, the aorta material in the tangential direction for unrestricted

strain magnitudes cannot be considered to have a constant value of tangent

e -

modulus, Eg as is commonly the case for engineering materials, This point

has been displayed in the axial test results of Chapter III.

Ez vs € o Ee s

In the longitudinal direction, the aorta material again cannot be
considered to have a constant value of tangent modulus, Ez, Ez varies
linearly with respect to longitudinal strain and is also dependent on the
tangential strain. Within the test ranges of EZ from 0.23 to 0.41 (]}z =
1.25 to 1.35) and Ea from 0.22 to 0.48 (}e = 1.2 to 1.4) the average value
'isz is approximately 1800 gm/cmz. This value, if assumed constant for
& stated range of strains, represents little sacrifice in analytical
Eﬁracy and indicates that the material stiffness doubles in magnitude

V - - - - 3
Ompared to its initial or unstressed elastic value of 885 gm/cmz.

S —
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The above comments of this section pertain to the in-vitro charac=-
teristics of the material modulus of elasticity, or stiffness, relative
to strain or deformation at the middle aorta location. It should not be '
assumed that the in=-vivo elastic properties of the aorta wall material
are in complete agreement with those discussed above. Such differences L

will be discussed in the following chapter. [

Summary and Discussion of Results

The previous sections of this chapter pertained to the amalysis

and methods of analysis of the biaxial test data applicable to the middle

- = =

thoracic aorta specimen site location. The same analysis and methods

—

were also used for the upper and lower site locations. Tables 5 and 6
present a complete summary of the analytical coefficients (for each aorta
location) determined for the equations of strain energy gradient, true

stress, and modulus of elasticity relative to strain or deformation. The

coefficients of Table 5 are relative to the non-linear strain,45n} and

those of Table 6 pertain to the strain defined as the extension ratio, }rf

The general form of the polynomial equation for the strain energy gradient,

Stress, and modulus of elasticity is:

- i & |
Y = F(€n) Kl + Alee + Blaz + c1 eeez + D1 t_e .- _
2 2 3 2 F
BHEEL "+ B, 6662 + G, Ee (gm/cm®)
T Table 5, and E
- 2 ~ 2 4 i ’
Y = b Y
G(7 ) =K, +a, '/‘z + B, 7% + ¢, 79 0, P e«
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for Table 6 with the coefficients listed in each table under the appro-
priate variable. Each table lists the recommended maximum value of Eh

or }n for which the equation is considered to be valid. Analytical ex-
trapolation beyond these values is not recommended. Table 5 also includes
the "best fit" or statistical correlation coefficient, r, which is a
measure of the agreement between the test data and the empirically derived

equation.

Stress=Strain:

The equation of tangential and longitudinal stress vs strain, given
by equation (38) and Table 5, are plotted in Figures 21 and 22 for each
thoracic aorta location including the corresponding mean biaxial test
values for purposes of direct comparison. Figures 21 and 22 distinctly
show both the non=linear relationship of stress=-strain, as is expected,
as well as the anisotropic=-orthotropic nature of the material which was
discussed in Chapter II and observed in the axial specimen test results
of Chapter III. Of particular interest is the variation of the tangen=-
fvtial stress, for a given tangential strain, with respect to longitudinal
location in view of the large mean wall thickness variation shown in
Figure 2. The lower site wall thickness is very thin compared (= 40%)

‘to that of the upper site location and the lower tangential stress is
tfproximately 1007% greater than the upper location at a tangential strain
of 7é= 1.30. The reduced elastin content, and the increase in the stiffer
follagen fibers at the lower location, contribute to a significant in-
"@se in the stiffness or modulus of elasticity at the lower location as
oWn by the higher stress level and the slope of thesq;- £e curve,

For the wide range in the tangential strains (£6==0.22 to 0.78)

€ in the G'z vs € -curves of Figure 22, it is remarkable that the
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variation in longitudinal stress is so small relative to aorta location.
Essentially it appears that for a given value of longitudinal strain,

say 7\z = 1.30, a longitudinal stress variation of 600 to 800 gm/cm2
would imply that the longitudinal stress is approximately constant re-
lative to longitudinal location. This perhaps is the intended physio-
logic environment for the in=-vivo vessel since one would not expect signi=

ficant variations in the longitudinal tethering forces.

Modulus of Elasticity:
Using equation (38) and the corresponding coefficients of Table 5,

a graph of the variation of the tangential modulus of elasticity for each
of the three site locations can be constructed and is given in Figure 23.
Comparison with the slopes of the axial stress=strain curves of Figures 6
and 7 of Chaptef IIT shows the same pronounced trend, i.e., that the
vessel wall tangential stiffness increases significantly with respect to
distal longitudinal site location along the thoracic aorta tree. The
variation of the tangential modulus of elasticity at the lower site is
approximately linear relative to tangential strain and the magnitude of
the modulus is significantly larger than the values at the middle and upper
locations for a given value of tangential strain. While other investiga-
Ztors have observed this trend,quantitative evaluation relative to longitu-
dinal position has been lacking. Of significance in Figure 23 is the very
low and non-linear elasticity of the wall material at the upper location
adjacent to the ascending aorta as compared to the middle and lower locales.

The leveling off of the tangential modulus at the middle and upper
Ocations at values of 7é = 1.3 to 1.4 and 1.7 to 1.8, respectively to

4PProximate constant value can be partially explained by inspection of

N
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Figure 7 but still raises the question as to why this occurs at the
middle location for a low value of %,==1.40. It appears that additional
biaxial testing at a value of 1,50 for this location would have been of
value. Also, testing the upper specimen at an extension ratio of 1.3 or
1.4 would have reflected good hindsight at this time.

Figure 24 shows clearly that the longitudinal modulus of elasti=-
city at each of the three locations varies linearly with respect to longi-
tudinal strain for constant values of tangential strain, and that the lon-
gitudinal stiffness is increasing relative to the longitudinal location
along the length of the vessel but not as pronounced an increase as was
observed for the tangential direction. Notice the interaction or the
affect of increasing tangential strain upon the material stiffness in
the longitudinal direction, an affect which would not be observed in
axial specimen testing where the unloaded edges of the specimen are al=-
lowed to contract (EG<O) freely.

Given below in Table 7 is a summary of the initial or unstressed

modulus of elasticity at the three biaxial test locations.

Table 7 = Summary of Initial Modulus and Location

LOCATION E E
e z
o o

UPPER
Z =5cm 1043 818

MIDDLE
Z =12 cm 1920 885

(gm/cmz)

LOWER
Z =20 cm 1721 1080
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This data is plotted in Figure 25 relative to the longitudinal lo=-
cation along the thoracic aorta vessel. A linear regression analysis was
used to determine the degree of linear variation of modulus with respect

to location. The equations for the initial modulus are

=1
]

43.54Z + 1024

=
I

17.63Z + 710

and are shown compared with the calculated test data points. The cor=-
relation coefficient of 0.972 indicates a definite linear variation of
the longitudinal initial material modulus relative to longitudinal lo-=-
cation along the thoracic aorta vessel. The low coefficient of 0.711 for
the tangential direction indicates a distinct non=-linear variation of

initial modulus for the material relative to longitudinal location.

Conclusions

The in-vitro biaxial testing of the thoracic aorta material at the
three longitudinal locations has led to the determination of the two=
dimensional constitutive equations for the aorta material and the quanti=-
tative and qualitative findings discussed in the preceeding sections. A
detailed comparison of such findings with those of other investigators at
this time is not possible since no similar biaxial test program results
- have been reported for the aorta or any other major blood vessel, vein or
‘artery, 1In conclusion, the following statements can be made.

Under the conditions of biaxial stress (plane stress), the ortho-

tropic non=-linear stress=strain characteristics of the tissue in the two

PTincipal directions of loading have been analytically described and further
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confirms the non-linear characteristic of the material as previously re-
ported using axial specimen tests, Chapter III. The interaction of lon=
gitudinal and tangential strains upon the longitudinal stress and the re=-
lative independence of longitudinal, or tethering strain, upon the tan= h
gential stress has been observed at each thoracic aorta longitudinal lo=- |
cation. The two-dimensional stress-strain equations for the material are

defined by equations (38) and (39) using Tables 5 and 6. We have also f

seen that these empirically derived biaxial T-} equations, although based
on a small range of 75 and ‘72 test values, can be used to predict the
uniaxial longitudinal G-» behavior of the material with good accuracy and
the uniaxial tangential 0-? behavior conservatively.

The elasticity of the wall material has been quantitatively de=
fined for both the longitudinal and tangential principal directions and
the variation of stiffness relative to longitudinal location along the
thoracic aorta has been observed. The most significant changes in elas-
ticity occurs in the tangential direction where the elasticity of the

tissue increases rapidly with distal longitudinal location along the

thoracic aorta tree. The longitudinal stiffness of the material increases

moderately with respect to distal longitudinal location and is only slightly |
dependent upon the tangential strain levels. At all locations, the tan-
gential modulus, Ee , is at least 50% larger than the longitudinal modu-

lus of elasticity regardless of the magnitude of strain. !
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CHAPTER VII

PHYSIOLOGIC ANALYSIS

Introduction

Having determined the mathematical stress=-strain relationships of
the thoracic aorta material at each of the three locations, it is now
possible to determine the in-vivo blood vessel parameters such as dia=
meter and wall thickness changes and the state of principal stresses and
strains under the influence of the physiologic loading of pulsatile pres=-

sure. The analysis which follows is based on the following assumptions.

The longitudinal, or tethering, state of strain ()
is approximately constant and equal to 7 = 1.30. >
This has been discussed in Chapter II and®the assump=
tion is based on the in-vivo measurements made by
other investigators for the steady state situation.

It is assumed that the in-vitro material characteris=-
tics based on the biaxial testing are applicable to
those of the tissue in the in=-vivo state, This assump=-
tion and its affects will be discussed further at length.

It was initially assumed that the tangential wall stress
distribution is uniform based on the assumption that the
vessel is "thin wall." Correction factors will be ap=-
plied to the calculated value of-‘%where the rm/h value
is less than 10.0.

For the reasons stated in Chapter II, the radial wall
stress due to internal pressure is assumed to be negli-
gible and thus has no influence on the tangential or
longitudinal strains.
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Analysis

The aorta geometry data given in Table I of Chapter III for ves=-
sel wall thickness (ho) and circumference (co) is applicable to the in=-
vitro condition where the blood vessel is completely unstressed and the
deformation is zero; 7~n = 1.0. Based on assumption No. 1 above, the
"unstressed in-vivo'" condition is defined as being the in-vivo blood ves-
sel condition where the internal blood pressure is equal to zero (p = 0)
and the vessel is pre=stressed longitudinally (tethering condition) to a
longitudinal extension ratio of 7‘2 = 1.30 resulting in a tangential ex=-
tension ratio (7% ) of .877 relative to the in-vitro state. For this
in-vivo condition the upper, middle, and lower specimen locations shown
in Figure 4 are now located at Z = 6.5, 15.6, and 26 cm, respectively, re=
lative to the ascending-thoracic aorta reference location of 2 = 0. Simi=-
larly, the in=-vitro values of ho and e given in Table 1 must now be cor-
rected, using the incompressibility equation, for the in=-vivo condition.

The "unstressed in=-vivo" values for the aorta blood vessel are given be=

low:
Location ho (cm) <, (cm)
UPPER, Z = 6.5 cm 0.474 6.402
MIDDLE, Z = 15.6 cm 0.325 5.350
LOWER, Z = 26 cm 0.184 4.828

and are applicable to the physiologic unstressed condition p = O,

2, = 1.30.




90

The following method of analysis pertains to the middle thoracic
aorta location and is also applicable to the upper and lower aorta loca=
tions using the appropriate equations of Chapter VI and the aorta in=-vitro
geometry given in Table 1 of Chapter III.

The aorta wall tangential stress due to internal pressure loading
is given by equation (1) and has been redefined by equation (16) as a
function of the internal pressure, the unstressed geometry, and the strains
defined as extension ratios. Rewriting equation (16) in terms of the ves-

sel unstressed mean diameter, do’ we obtain
G,= (pd /2n) > 22 gn/cn’ (40)
=] o'"0" 'z ‘e !

and from Chapter VI, equation (39) - Table 6, the plane stress equation

for the middle thoracic aorta tangential stress is given as
R & 2 6
Og = 1477 5F - 1219 2 ° - 259 (41)

Equating equations (40) and (41), rearranging and simplifying

gives

A .
7;5 - 5.70 A% = -4.71 - .0019 @ /n) p 2,

‘Which can be further reduced by substituting the values of the unstressed
Wall thickness and diameter at the middle location given in Table 1 and

he value of 7; = 1.30. Thus, we obtain

}: -5.70 2% = 4.71 - .0132p (42)

Telationship of the tangential strain with respect to the internal

Sure p, Substituting various values of blood pressure into (42) allows
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the corresponding in=-vivo tangential strain to be determined. Using

equation (7b), the corresponding mean vessel wall diameter is
d= d 7e‘ ;- em : (43)

Transposing equation (7c) and using the incompressibility equa-=

tion, equation (8), the in-vivo wall thickness cah be expressed as
2 = 3
h = hO/( }z }e ) .77h0/ s 5 PG (44)

where the value of‘%;in this equation and equation (43) is based on the

value obtained from equation (42) for a given value of internal pressure.
At this point, the ratio of in=vivo mean wall radius to wall thick-
ness ratio can be calculated so as to determine if the thin wall assump=

tion is valid. Or:
rm/h = d/2h (45)

If the value is 2 10, the tangential wall stress is often assumed
to be uniform across the thickness of the wall material. The magnitude
of the tangential stress can be determined using equation (41). For rm/h
- values less than 10 (thick wall cylinder), the maximum value of the tan=-

gential wall stress at the inside or lumen surface of the vessel is

4 2

Gy = R(1477 4 - 259 2% (46)

- 1219 )g o

here the correction factor K is given in Figure 26. Use of equation (46)

Tecommended and is based on the Theory of Elasticity, Sokolnikoff7, of

"

Pic, equation (46) is recommended over the use of equation (41).

lick walled isotropic cylinders. Since the aorta wall is non=-linear aniso=

P

—

- —

= o e
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The longitudinal wall stress at the middle location is given by

equation (39) and Table 6, and is

- ; 2
T =6532%+466N2722 - 90822 10> 402
z z z e z z &
or 2
G, =331 + 188 7 (47)

A parameter of general hemodynamic interest and which will be dis-
cussed further is the internal fluid flow cross-sectional area (qA, cm2)
or the flow volume per unit longitudinal length (qv, cm3) of the vessel

wall. Or:

qQ = qy = (W/4)d - h)? , em?, cm’ (48)

Equations (41), (42), (46), and (47) pertain specifically to the
thoracic middle location only. For the upper and lower locations, the ap=
propriate form of equation (41) (and subsequent mentioned equations) must
be obtained using equation (39) of Chapter VI. Equations (40), (43), thru
(45), and (48) are general equations and as such they are applicable for

use at any location.

Physiologic Analysis Summaries

The method of analysis described above for the middle aorta loca-
tion was also used for the upper and lower aorta locations using the
Stress-strain relations given in Chapter VI. The analytical results are
tabulated in Table 8 for the condition of p = 0 (in=-vitro) and for the
in-vivo pulsatile internal pressures of p = 140 to 170 cm H20° The values

Of the tangent modulus of elasticity are obtained from Table 7 and equa-

ton (38), or Figures 23 and 24 of Chapter VI.

< RN NS e e e S
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Figures 27 thru 29 graphically depict for each aorta location, the
analysis results as a function of the internal pressure over the range of
p=0 top =200 cm HZO assuming a constant value of the longitudinal or
tethering strain of )‘z = 1.30. Plotted on each graph is the relation=-
ship of mean wall diameter of the vessel (d), the tangential (G; ) and
longitudinal wall étress (iTé), and the hemodynamic parameters (qA, qv)
vs the internal blood pressure (p). The change in each physiologic vari=-
able with respect to pressure at each location is seen on each figure and
a comparison between each aorta location can be made using the figures.
Superimposed on each diameter curve are the values of rm/h and the tan=

gential strain at the three pressures of 100, 155, and 200 cm H,O.

2

Figure 30 presents the distensibility curves of the blood vessel
or the relationship of mean wall diameter and internal pressure relative
to the in-vivo longitudinal location along the length of the aorta.
Superimposed on the mean pressure (155 cm H20) curve is the cyclic change
in diameter for the pulsatile pressure values of 140 and 170 cm H20.

The summaries of the in-vivo physiologic variables presented in
Figures 27 thru 30 are based on the in=vitro biaxial testing of the aorta
tissue and are a first time comprehensive evaluation of each variable
over a wide range of internal pressure.

A detailed analysis of the variables at each location and a "loca-
tion to location" comparison will be made in the following discussion in=-

cluding a comparison of the results of this study with the information

available in the literature.
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Discussion of the Physiologic Results

2% Comparison = Biaxial Test vs In=-vivo

The calculations made in Chapter IV were approximations of the
anticipated in-vivo values of the tangential extension ratio (7‘e ) based

on the axial test specimen Tavs /}a curves and on the Statistical Kinetic

Theory of Large Deformations as developed by Rivlin for isotropic non-
linear materials. Based on these calculations, the biaxial specimen

testing was conducted using the 7‘6 values given in Table 2. A comparison

A

of the test and the calculated in=vivo /X values for the tissue at each

D

0

aorta location is given below including the '"test data vs empirical

equation" correlation coefficient, r

w
Biaxial Test In-vivo /& @ r,

% p = 100,155,200 cm H,0
UPPER 1.60 to 1.80 1.26, 1.405, 1.53 .970
MIDDLE 1.20 to 1.40 1.18, 1.295, 1.40 .996
LOWER 1.15 to 1.30 1.25, 1.355, 1.43 .981

Reference: Table 2 Fig., 27 thru 29 Table 5

It is obvious that the middle location biaxial test aﬁd the in-
Vivo calculated values of /\é for the pressure region of 100 to 200 cm H20
4Te in excellent agreement and that the analytical equations fit the test
data to near perfection. The relatively crude method used in Chapter IV
88 highly successful in achieving its intended purpose. Such, however, is

Qo :
€ the case for the lower or the upper specimen locations.
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At the lower location, the biaxial test é)values used are slightly
below the in-vivo calculated values and thus the derivedT - X equations
based on the test results had to be‘extrapolated beyond the test region
of % 1.30. While this extrapolation of the test data equations is not
considered to be serious no estimation of the accuracy of such exXtrapola-
tion is possible to make. Inspection of the lower location tangential
curves (Gé and Eg ) of Figures 21 and 23 would indicate no serious harm
since the extrapolated region is not large and the curves are continuous
smooth functions.

In the case of the upper location , the in=vivo values of %3, Table
8, lie well below the test range of 1.60 to 1.80., It is obvious in this
case (as mentioned in Chapter VI) that the test should have included a
data point at‘%;= 1.40,0r that the testing should have been conducted at
values of 1,30, 1.40, and 1.50. The method used in Chapter IV appears to
have the affect of assuming the elasticity of the material as being too
low in magnitude and thus it has predicted values of é;in excess of the
probable in=-vivo values. It is also very possible that the use of only
three axial specimens (Figure 9) at this location gave a poor representa=
tion of the animal to animal variation since the three stress=strain
curves show only minor variation in the tangential loading direction. Con=
Sequently, the test data and the resulting equations (r =0.970) had to be
interpolated betweenzg = 1.0 and 1.60 in the physiologic analysis. It is
likely that this interpolation is not harmful but without a biaxial test
data point within this range conjecture of the effect is strictly specu=
lative,

As a whole, the method used in Chapter IV has achieved its purpose

¥ithout apparent serious harm to the final physiologic analysis results.
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It is apparent, however, that the most accurate analysis of tpe aorta
tissue must be based on the actual biaxial testing of the mﬁterial,

Based on the above observations, the conduct of any further testing of
the thoracic aorta material should be made using the tangential exten=-
sion ratios listed below and experimental results should include measure-
ment of tissue thickness. A fourth test point has been added to improve

the accuracy of the test program and its results.

Location ?23
UPPER 1.25, 1.35; 1.45, 1l.98
MIDDLE 1.15, 1.25, 1.35, 1.45
LOWER 1,20, 1.30, 1.40, 1.508

Incompressibilitv-Accuracy

All previous analysis has been based on the assumption tﬁat the
aorta tissue is an incompressible material as noted in Chapter II based
on the experimental investigations of Carew14. A measure of the ac=
curacy of the biaxial test results and the resulting in-vivo physiologic
data contained in Table 8 (which is based on the incompressible assump-
tion) is to calculate using the data of Table 8 the actual value of
Poisson Ratio (V) of the material at each of the three aorta locations.
From the Theory of Elasticity, the value of ¥ is a function of the ma=
terial volumetric or bulk modulus (k) and the modulus of elasticity (E).
Or:

V = (3k - E)/6k
Where the bulk modulus is defined as the ratio of the hydrostatic stress

d .
 divideq by the volumetric strain of the vessel wall material under loading
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measured relative to the original or unstressed volume of the materiaj
The modulus of elasticity in this case is defined as the principal tap-

gential modulus, Eg, at the mean pulsatile pressure. Using the nomen-
clature of Table 8:

0 b 1/3(G'e+ G; + G‘r)

A V/Vo (doho - dh A z)/(doho)

gm/cm2

Substituting the data of Table 8 into the above equations, the values

of the material Poisson Ratios are

UPPER - .50096

MIDDLE - ,50083 .49991 (average)

LOWER = ,49795

which is within +.2 to =.4% deviation from the theoretical value of V =

.50000 for an incompressible elastic material.

Vessel Wall Thickness

Table 8 lists the mean wall radius to wall thickness ratios, rm/h,
at each aorta location for the unstressed in=-vitro vessel. The values of
2.15, 2,63, and 4.19 for the upper, middle, and lower locations, respec=-
tively, show that the steer thoracic aorta is definitely a thick wall cy=-
linder in the in-vitro state. At the in-vivo mean pulsatile pressure, the
Same location values are 5.43, 5.70, and 9.88, respectively, or the rm/h
Criteria commonly used by other investigators is not satisfied for the in-
Vivo condition of loading. Consequently, contrary to that mentioned in
Chapter II, the in-vivo vessel cannot be strictly classified as thin wall
URtil the location distal to the lower specimen location, or at % > 26
I+ When considered as a thick wall cylinder, the tangential wall stress

- ®3ch of the three locations increases from +5 to +10% and represents
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the approximate maximum value of stress at the lumen surface of the o
sel. This increase is hardly significant and for general stress calcula-
tions, the assumption of thin wall is justified such that equation (1) or
(46) can be used without the use of the correction factor k. All valyes

of G

o given in Table 8, however, are corrected values and thus reflect the

magnitude of the lumen surface stress.

It is possible that the in-vivo range of rm/h = 7.1 to 16.6 repre-
sentative of dog and man noted in Chapter II is not typical of the steer
due to the large difference in body size and the heart weight to body
weight ratio differences.

Figures 27 thru 29 show the variation in rm/h at each aorta lo-
cation over the pressure range of 100 to 200 cm HZO' Calculations assum-

ing a longitudinal extension ratio, }z = 1.35 show only small changes in

both vessel mean wall diameter (+2%) and in the rm/h ratio (+6%).

Hemodynamic Observations

The geometric shape of the aorta at the mean cyclic pressure of
155 cm H20 shows, from Table 8, that the value of the internal flow cross=-
sectional area (qA) at the upper location is 6.90 cm2 as compared to an
approximate constant value of 4.12 cm2 and 3.98 cm2 at the two distal lo-
cations. Assuming steady state volume flow conditions and negligible wall
frictional losses in the length of the aorta these values of qy indicate
that the fluid velocity increases by approximately 70% between the upper
and middle locations and remains approximately constant between the middle
and lower locations. Thus, the unstressed geometry of the aorta vessel and

its large variance in the tangential modulus of elasticity (Figure 23) with

Tespect to longitudinal location, and under the condition of in=vivo



105

longitudinal and tangential loading, results in the thoracic aorta at
its upper location acting as a velocity accelerator forcing fluig to
increase velocity rapidly over a very short longitudinal distance, For

the cyclic condition of + 15 cm H, O amplitude, the variation of q is

2
+ 6.8% and + 4% at the upper, middle, and lower locations indicating
that the pulse fluid velocity is also magnified significantly.

In Chapter II, the ascending and thoracic aorta was classified as
being a flexible tube which due to its low and varying elastic proper=
ties aids in the transmission of the blood from the left ventricle to
the extremities of the arterial system. As a secondary observation of
the analysis of this chapter, the above paragraph crudely, at best, in-
dicates that such is the circumstance for the upper or proximal region
of the thoracic aorta. It is unfortﬁnate that four thoracic specimens,
or at least one specimen from the ascending aorta, had not been used in
this study as the observations noted above would have been more conclu=
sive. Consequently, only the probable fluid floﬁ characteristics can be
recognized.

Table 8 further shows that the wall diameter variation for pul=-
satile flow condition ranges from + 3% to + 2% and that the wall thick-
ness changes by approximately + 5%. Thus, the cyclic radial wall velo-
city of the lumen surface is undoubtedly small relative to the longitu=-
dinal velocity of the fluid. Also, the dynamic wall boundary condition,
in the strictest sense, cannot be assumed to be rigid without further

assessment of the actual in-vivo performance of the blood vessel wall and

the measurement of the fluid flow properties along the length of the

Vessel,
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Longitudinal Characteristics

The aorta vessel is a flexible elastic tube subjected to ap ap-

proximate constant longitudinal tethering strain (7‘2 = 1.30) with a |
- superimposed longitudinal loading caused by the in=-vivo mean pressure

of 155 cm H20. Figures 27 thru 29 show that the magnitude of the lon-
gitudinal stress increases slowly and linearly with pressure and conse=
quently the total longitudinal load in the vessel wall is due to
tethering load plus the superimposed loading due to the radial deforma=-
tion of the elastic tube caused by the internal pressure. As the inter-
nal pressure causes radial deformation of the vessel, a positive longi=-
tudinal load results due to the vessel wall resisting the longitudinal
contraction which would occur if the vessel had no longitudinal con=-
straint. Thus, the total longitudinal load (FL) in the wall is equal to
the sum of the tethering force (Ft) and the induced longitudinal force

(FP) caused by the pressure loading. Ox:

FLo=F, +F, (49)

From this relationship, one can calculate the magnitude of the in=-
duced longitudinal load in the vessel due to the internal pressure and
compare it relative to the total load in the vessel wall at the mean in-

Vivo pressure of 155 cm HZO' Using equations (49) and (2)

K con dal Tt (50)

“@hﬁ—z];\P = i?go PO @h O-z]}P 2 2.3
Z zZ

o> grams
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Using equation (50) the magnitude of the longitudinal forces at

each aorta location can be determined. The results are summarizeg Below:

- LONGITUDINAL FORCES =

Total Tethering Pressure (Fp/FL) X 100
FL - gms Ft - gms FP - gms

UPPER 1770 1448 322 18.2%

Z = 6.5 cm
MIDDLE 1122 901 221 19.7%

Z = 15.6 cm
LOWER 738 558 175 23.9%

Z = 26 cm

(x) (.983) (.986) (.969)

Using linear regression analysis, we find that all three forces
vary linearly with location (Z) and decrease in magnitude along the ves=
sel distal length. Also, the induced load due to the radial pressure
loading of the vessel is approximately 207 of the total longitudinal load
at each location.

In the discussion of Figure 22 of Chapter VI, it was observed that
for an assumed constant value of tethering strain (7& = 1.30) the vari=-
ation in the longitudinal stress was found to be relatively small (‘Tz =
600 to 800 gm/cmz) for wide variations in the tangential strain (& = 1.22
to 0.78.) This prompted the statement that == "one would not expect sig=
nificant variations in the longitudinal tethering forces' == for the in-
Vivo physiologic environmment. This statement is true only if the descend-
ing aorta blood vessel was reasonably straight, had constant cross=

Sectional area, and was well removed from the ascending aorta.
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Table 8 shows at p = 155 cm H20 that the in=-vivo longitUdinal

stress, as expected, varies from 584 to 827 gm/Cm2 with respect tqo o
tal longitudinal location along the thoracic descending aorta but the
above longitudinal force summary table shows that the magnitude of the
forces (tethering, pressure, and total) are not constant at the three
longitudinal aorta locations. The varying cross=-sectional geometry of
the aorta and the non-linear stress-strain behavior of the material
prohibits the forces from being equal regardless of the manner of load-
ing; constant tethering strain, or constant pressure loading. To better
understand the longitudinal forces shown in the above table, and the ef=-
fects of these forces, Figures 3la thru c depict the internal wall load=-
ing at each location and the average balancing shear forces which act
between each aorta location so as to maintain the required longitudinal
equilibrium of the blood vessel. The difference in the longitudinal
load acting at the upper and middle locations and acting between the
middle and lower locations is balanced by longitudinal shear forces

(q - force per unit of longitudinal length) which act between the out=-
side surface of the vessel wall and the perivascular tethering tissue.
These average shear forces are converted to average values of shear

stress, G'S - gm/cmz. A discussion of each of the three longitudinal

loading figures follows.

Figure 3la: This figure represents the complete physiologic situa=-
tion of both tethering ()z = 1.30) and the mean physiologic pressure
loading of the blood vessel in its normal distended longitudinal and radial
configuration. The average shear stresses acting between the outside sur-

face of the blood vessel and the perivascular tethering tissues are 7.2 and

2
4.6 gm/cm”, These in=vivo values are very low in magnitude as might be
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c) Pressure Loading
P =155 cm H O

72 = 1.30

Figure 31 - continued
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expected since the tethering tissues are essentially fatty=-viscoug matter

At some point distal to the lower location, Z > 26 cm, either within the

length of the thoracic aorta or within the abdominal aorta, the longitudi-

nal force, FL’ would be approximately constant and thus the tethering

shear stresses would approach zero.

Figure 31b: This figure represents the somewhat unrealistic in-
vivo situation where the vessel is distended under only the influence of
the tethering pre=-stress ( }z = 1,30) forces and the internal blood
pressure is zero in magnitude. Since the outside vessel diameter and
surface area is not a maximum in this circumstance, the tethering shear
stresses, 6;, are at their maximum value. Note that for both this loading
and that of Figure 3la the magnitude of 5; is very small compared to the
magnitude of the physiologic internal wall stresses, G_ or 53;, at any

©

aorta location.

Figure 31lc: This figure represents the induced longitudinal in-
ternal wall load and the induced external tethering shear stresses caused
by the flow of blood within the vessel at a mean or steady state pressure
of 155 cm HZO' It is conversatively assumed that the shear stress acting
between the flowing fluid and the lumen surface of the vessel are negli-
gible in magnitude. This assumption is based on the observation of Pate120
who states that during a cardiac cycle, with maximum volume flow, the in-
ternal surface shear stresses would be == "much lower than 1 gm/cmz." Con-
sequently, the values of q and 5:S shown in the figure are most likely to
be maximum values.

The question raised by Figure 31lc is -- ''what causes the large lon=-

8itudinal load (322 gm) acting at the upper location of Z = 6.5 cm?" The
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answer lies in the fact that a force R acts on the ascending aorta (a curved
pipe) and is due to the time rate of change of the flowing Pressurized fluid
within the ascending aorta. As shown in the figure, the resulting force

R can be resolved into longitudinal and lateral force components. The
longitudinal component FZ’ directed upward, acts as a tension force with-

in the wall of the descending aorta. If the descending aorta was un-
supported by tethering tissue this force, Fz, would be constant throughout
the length of the blood vessel. The change in cross-sectional geometry of
the blood vessel and the inherent perivascular tissue resistance in effect
reduces or dampens the effect of the steady state and pulsatile loading
acting within the ascending aorta. The lateral force component at the as-
cending aorta is assumed to be resisted locally or by the heart and its
supporting envelope since the bending resistance of the descending aorta
must be negligible.

We see in Figures 3la thru 3lc that the perivascular tissue plays
a significant role in not only the application of the in=-vivo tethering
pre-stress condition but also in maintaining the necessary longitudinal
equilibrium of the ascending and descending aorta blood vessel. Further
more, it is not likely that the shear stress between the blood vessel and
the tissue exceeds 10 gm/cm2 under normal and healthy circumstances.

Table 8 and Figures 27 thru 29 also show that the cyclic longitu-
dinal stress variation for the pulsatile pressure loading is approximately
* 2%, + 2.3%, and + 2.5% of the mean stress at the upper, middle, and
lower locations, respectively. It is possible to convert these cyclic
Variations of stress, using the equations of Chapter VI, into cyclic
Strains (+ 7‘2) or to cyclic longitudinal deformations per unit of longi-

tudina] length of the vessel. Using the middle location (Z = 15.6 cm) as
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an example, the calculations yield a longitudinal cyclic deformation -

displacement of + .10 mm/cm of vessel length at the in=vivo Pressure of

5

2
155 i} cm H,0. Patel 7 reports the in-vivo measurement of aorta dig-

placement of approximately + .15 mm/cm for the dog at a location of Z =
14 cm distal to the ascending aorta for pulsatile pressure of 180 i}s cm
HZO' While the two animals and the locations used are similar, but not
identical, reasonable agreement exists between the in-vivo experiments and
the analytical results based on the biaxial testing of the tissue. Con-
sequently, the longitudinal cyclic stresses and strains are very small
and contribute little to the structural or hemodynamic mechanics of the

thoracic aorta. The primary consideration in these areas of study are

the circumferential or radial displacement of the vessel wall.

Tangential Stress and Strain

The tangential stress curves of Figures 27 thru 29 show the charac-
teristic non=linear increase of wall stress with respect to pressure load=-
ing from O to 200 cm H20 similar to that displayed in Figure 21 for the
basic material stress=strain relationship. Of interest is the fact that
the G;vs p curves for the upper and middle locations are almost identical
over the full range of pressure while at the lower location the value of
the tangential stress is considerably higher for any given pressure. Ex-
amination of the pulsatile tangential stresses listed in Table 8 shows that
& the upper and middle locations, the pulsatile stresses range from 800 to
1100 gm/cm2 as compared to 1412 to 1829 gm/cm2 at the lower location. The
Teason for this significant variance over a relatively short longitudinal
distance (10 cm) is shown in the ratio of the mean wall radius to wall
thickness ratios and the values of the in-vivo wall thickness itself. At

the 1oyer aorta location, the vessel wall thickness is approximately 50%
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thinner and can definitely be classified as "thin wall." Thus, we see

that a significant change in vessel geometry, and consequently tangential

wall stress, occurs between Z = 15.6 to 26 cm distance indicating that

"location" is an important factor when discussing any comparative data be=-
tween investigations, or investigators. The graphs also show that the

point of equal tangential and longitudinal stress is at 90 to 110 cm H,O,

2
Above this pressure, the tangential stress exceeds the longitudinal stress
and at the mean pulsatile pressure the value of Gé is approximately 50 to
100% higher than G'z depending on aorta location.

It was pointed out in Chapter II that the radial wall stress (equa-
tion 4) has generally been found from other investigators to be approxi=-

mately an order of magnitude lower than the tangential or longitudinal

stress and is genérally considered to be negligible., Table 8 shows that:

G, = 78 gn/cn’ @ p = 155 cm H0 :
G, 2 58 gn/cm” @ p = 155 cm H,0
Uy 2 950 gm/cm2 @p = 155 cm H,0

which clearly verifies that point made previously. While Table 8 does
not list the value of the radial strain (compressive), the value can be
determined from equations (33) or (35).

If the values of the physiologic tangential stress and extension
ratios given in Table 8 at the upper, middle, and lower locatiomns, for the

mean normal pulsatile pressure of 155 cm H,0, are plotted on Figures 9

2
thru 11, respectively, we see that the rheologic condition of the blood
Vessel lies within the initial characteristic region of the tissue uni-
axial stress=-strain diagram. This is to say that the normal in-vivo tan-

gential wall stresses and strains of the aorta blood vessel lie comfor-

tably to the left of the characteristic "knee" of the material axial
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stress=strain diagram. Under the abnormal physiologic condition of 200
cm H20, or higher pressures, such as would be found in cases'of hyperten=
sion or vessel constriction, the tissue material is functioning adjacent
to or to the right of the knee of the curves. It is within this region
that the physiologic wall stresses are not only higher in magnitude but
the variation in wall stress from subject fo subject can be very large.
It should also be noted that the elasticity or stiffness of the blood
vessel material is considerably higher under such circumstances.

In conclusion, we observe that in the normal physiologic state,
the blood vessel tangential wall stresses and strains lie comfortably
within the low stress=-strain region of the characteristic non-linear
stress-strain curve of the material. It is within this region where the
low elasticity elastin fibers are carrying the largest share of the ves=-
sel tangential wall loading.

Patelll, conducted in=vivo experiments using 14 living dogs. A
7.5 cm length segment of the middle descending thoracic aorta was iso-
lated in each dog and by=passed from the main systemic circulation with
dissection of the local tethering tissue being kept to a minimum so as
not to alter the longitudinal in=-vivo characteristics of the blood ves=
sel. Tests were performed under pulsatile conditions at mean values of
145 to 162 cm H20_so as to measure tangential incremental values of phy-
siologic stress and strain. Incremental stress (P ) and incremental
strain (ee ) are defined as follows:

P (G)p = 170 = (@)p = 140 , gm/cm’ (51)

e

€y = (dp = 170 - (d)p = 140

(d)p = 155

, cm/cm (52)

Applying these definitions of incremental stress and strain to the phy=-



siologic steer thoracic aorta data of Table 8, we obtain

(0]
[

.057 - UPPER - Py = 282

.047 - MIDDLE - = 251

.037 - LOWER =

417

which are applicable to the pulsatile conditions of 155 +15 cm HZO and
are based on the in=-vitro stress=-strain determinations of Chapter VI.

For the mean pulsatile pressures of 145, 154, and 162 cm H,0,
Patel reports for the dog middle descending thoracic aorta segment in=-
vivo values of .038 to .045 cm/cm and 260 to 330 gm/cm2 for the incremen=-
tal tangential strain and stress, respectively. These values for the dog
indicate good agreement with the middle and lower in=-vivo calculated
values listed above based on the in-vitro experimental biaxial testing of
the steer tissue. The experiments of Patel also yield mean values of Gé
ranging from 1170 to 1630 gm/cm2 as compared with the 950 to 1610 gm/cm2
valqes given in Table 8.

Such agreement is significant, since it clearly indicates that the
in-vivo predictions of this study are within good agreement and thus the
advantage of in=-vitro biaxial specimen testing is further enhanced. How-
ever, it is possible that "animal to animal' variations exist more than is
indicated by the above comparison and that "location' of the specimen and
measurements can also be an important factor. The data of Patel cannot
be classified as being location, or point, properties since vessel wall
geometry may have varied significantly within the 7.5 cm length of the
isolated vessel. The fact remains though that, on average, the cofrela-

tion of the calculated data of Table 8 with the in-vivo testing by Patel

is certainly encouraging.
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Wall Deformation and Distensibility

The non-linear tangential stress-strain relationship of equa-

tions (38) and (39) as depected in Figure 21 for each aorta biaxia] test
specimen location and the non-linear form of equation (41) applicable to
in=vivo loading would ordinarily be expected to yield a similar non=linear
relationship between blood vessel internal pressure and mean wall dig=-
meter since the extension ratio strain 25 is related to vessel diameter.
However, in Figures 27 thru 29 for each aorta location, the pressure=-
diameter (p = d) curves are approximately linear with only slight non=-
linearity in evidence. 1In fact, using pressures of p = 0, 50, 100, 150,
and 200 cm HZO and linear regression analysis, the curves of p - d shown

can be very closely approximated by the following equations which display

excellent correlation coefficients.

UPPER - d = ,0061p + 2.320 y £ = 3999
MIDDLE- d = .0038p + 1.925 . r = .98 [ P = CNCEEE
cm H20
LOWER - d = ,0037p + 1.785 , T = .,981
21 R 5ok
Patel™, and Patel and Janicki™™ also report the finding of linear

p - d relationships for the main pulmonary artery, the left coronary cir-
cumflex artery, and the common carotid artery in dog by both in-vitro and
in=vivo blood vessel segment testing. Thus, the finding of the linear
calculated in=-vivo p = d characteristic for the steer thoracic aorta in
this study, based on in=-vitro biaxial testing of the tissue, is confirmed
by experimental investigations. It is likely that this linear characteris-
tic is true for all major blood vessels under normal physiologic condi-
tions and in healthy animals.

Figure 30 is a graph of mean wall diameter vs longitudinal loca-

tion along the thoracic aorta tree for various pressures ranging from p = 0



™ R

118

to p = 200 cm HZO' The curves are distensibility curves since they re-
? flect the variation or change in mean wall diameter with Pressure, the
rate of change of diameter relative to longitudinal location, and thus
give an overall view of the tangential deformation or elasticity of the
blood vessel. Superimposed at the mean pulsatile pressure of 155 em H20

is the cyclic variation of mean wall diameter associated with the pulse

pressure of + 15 cm HZO' Similar distensibility curves are not found in

the literature since in-vitro and in-vivo testing of blood vessel segments
precluded the gathering of such extensive data without considerable cost
in both instrumentation and test time. This is probably why most experi-
mental investigators have confined themselves to the recording of very
local data and data associated generally with the pulse pressure loading
of the vessel. Figure 30 is unique in its form.

Two common measures of blood vessel elasticity or distensibility
used in reported in=-vivo experiments are the percent change in mean wall
radius (% AR) relative to the pulse mean pressure and the slope of the
pressure-radius relationship, A R/A p, for either the pulse pressure range
or over the full range of pressure. Using the data of Table 8 and the above

equations, the values of % AR and AR/A p(cm/cm HZO) are tabulated below:

UPPER MIDDLE LOWER
% AR] + 2.8 + 2.4 + 1.8
pulse = =
-3 -3 -3
AR/Ap) 3.1 X 10 1.95 X 10 1.45 X 10
pulse
AR/Ap] 3.05 X 107> 1.90 x 107> 1.85 ¥ 107>
0 - 200 :
v.D. 487 .394 .280
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and clearly indicates the decrease in vessel distensibility (increase in

elasticity or stiffness) as the location (Z) increases distal to the

ascending aorta. While no similar data exists for the thoracic aorta,
Pate121, gives values of %AR = + 8.3% and AR/Ap = 4.0 to 11.11 (7.45
mean) X 10‘3 for the main pulmonary artery under distending pressures
ranging from 12 to 27 cm HZO’ Thus, the thoracic aorta vessel is con-

g siderably stiffer than the thinner wall and lower pressure main pulmonary

blood vessel.

Included in the above table is another index of vessel wall dis-
tensibility, volume distensibility (V.D.). Volume distensibility is de=
fined as the percent change in lumen volume vs diastolic volume, per cm
HZO of pulse pressure. In terms of the nomenclature used in Table 8,

volume distensibility can be defined as follows:
v.n. = {aq/ (@) 40h8)] X100 , 2% (53)

Comparing the in=-vivo calculated values at the lower and upper
locations, it is seen that the upper thoracic location is approximately
75% more elastic (or distensible) than that of the lower location. The
values given above compare very favorably with the value of .33 i’ll given
by Patel20 for a segment of the descending aorta of the dog (in-vivo) at
pressures of 140 to 189 cm H20. However, Patel23 reports a value of .42
(average) for the ascending aorta which is less than the value of .487
given in the table at the location just distal to the ascending aorta. It
is generally acknowledged that the ascending aorta is more distensible
than the descending thoracic aorta. Using the data given in Table 1 of
Pate123, for ten dogs, the range of V.D. is calculated to be .246 to .599

for the ascending aorta.




120

In-vivo Modulus of Elasticity

As discussed in Chapters III and VI, the tangent modulus of elas-
ticity of the aorta material is not a unique value, or a constant, as is
normally the case for linear elastic isotropic materials. Rather, due to
the non-linear anisoptropic and orthotropic characteristic of the ma=-
terial, the modulus of elasticity is more accurately defined as the tangent
modulus and is a unique function of the state of stress and its principal
direction. To define the value of E as having a vélue of 3000 gm/cm2 is
meaningless unless the direction and magnitude of the stress or strain is
also given since the value of E must be defined as a state point. Table 8
lists the values of E. and Ez for both the in=vitro and the in=-vivo con=

dition of p = 155 cm H,0 mean pulsatile pressure. It is seen from the

2
table that the longitudinal modulus at each aorta location is approxi=-
mately 100 to 120% larger in magnitude for the physiologic condition and
that the tangential modulus increases approximately 125, 160, and 210% at
the upper, middle, and lower aorta locatiomns, respectively, when compared
to the corresponding in=-vitro values. Again, the general trend of in=-
creasing stiffness with respect to distal location is obvious but now the
tangential percent increase is not constant with respect to location (for
a fixed value of loading or pressure) but increases at a faster rate as
location Z increases. This could be expected if one reviews the general
Og- f/\e and 0 - &, curves of Chapters III and VI.
In Chapter VI, it was found, Figure 25, that the unstressed longi-

tudinal modulus, Ez’ varied linearly with location and that the unstressed
tangential modulus, Eeb , was distinctly non=-linear with respect to loca=-

tion along the aorta length. Figure 32 is a graph of E 4 and Ez relative

to longitudinal location along the thoracic aorta at the physiologic mean
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pressure. The calculated values at each location are included and the lin-
ear regression equation for both Eg and Ez are noted. The correlation
factors of .969 and .962 show that both physiologic moduli can now be con-
sidered to vary linearly with respect to in-vivo longitudinal location at
least within the locations of Z = 4 to Z = 28 cm. An interesting obser-
vation is that the tangential and longitudinal modulus for the in=vivo
pulsatile condition are very low in magnitude and are approximately equal
(1000 to 1300 gm/cmz) immediately distal to the ascending aorta (Z = 0).
When compared to the unstressed modulus values, Figure 25, the directional
variation in elasticity at the ascending aorta location may remain ap-
proximately constant with respect to pressure. This implies that the as=-
cending aorta tissue has not only very low but possibly nearly equal
values of elasticity in both principal directions. Confirmation of this
observation by additional testing would be of value.

As previously noted, in-vivo experiments do not lend themselves to=
wards a complete description of the material G - © - E properties or a
complete description of the in=-vivo property of vessel distensibility over
a large range of pressures. For this reason, the calculated in=vivo values
of E5 and Ez given in Table 8 cannot be compared with the results of
other investigators. In=-vivo tests are normally performed under the con-
dition of physiologic pulsatile pressure loading and since the change in
strain or deformation is small under such cyclic condition$ (as seen in
Table 8), the material is often assumed to be linearly elastic about a
given point of mean stress or loading. For such tests, the point value
of En cannot be determined at any fixed point of stress or load but the
incremental modulus of elasticity Ei can be determined since both the
change in stress and strain about the mean pressure can be either cal=-

Culated or experimentally measured. The incremental modulus is thus
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defined as being the change in stress divided by the change in strain

over the range of the pulsatile pressure, A p, or
eh = [o0 /8 ] gn/cm’ (54)
n n niap

Using this definition of the incremental modulus, the value of
the tangential incremental modulus,'Eé , can be determined directly
from Table 8. The incremental longitudinal modulus, E;, cannot be cal-
culated since the analysis assumes that the longitudinal or tethering
strain, 72, is constant and thus Ei'z Ez.

Since the radial stress=strain relations could not be determined
from the biaxial test program for the material ( G; = 0) the point value
of Er at the mean physiologic pressure also cannot be determined. How=
ever, using equation (33) and the values of Table 8, for 7‘2 = 1.30,

1
T

the radial incremental modulus, E_, can be determined for the average

pulsatile radial wall stress of A{Tr = =15 gm/cmz. Since the incremen=-
tal modulus is by definition the modulus about a point of changing strain

it is also a close approximation of the actual point modulus at the mean

state of pulsatile loading; or Erﬁ= Ei.

The calculated values of the three incremental moduli are given

below:
UPPER MIDDLE LOWER
1
AL 2510 3230 6160
E; 5 1633 1800 2400
E}: ~ 877 916 1260

and are applicable to the Kirchhoff measure of strain which is used through=-

out this study. Since the incremental modulus is a measure of the average
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slope of the non=linearily increasing stress=strain characteristic of the
material the values of Eé are larger than corresponding values of E, by
approximately 5 to 13%. Of prime interest in this table is the value of
the incremental radial modulus Ei which is an approximate measure of the
actual point value of Er at the mean pulsatile pressure. It is seen
that the radial wall elasticity is very small relative to both Eé and
Ei, a point which is readily observed when attempting to measure the
tissue thickness, as mentioned in Chapter III.

The values of the incremental tangent modulus can be compared with
the in=-vivo experimental results of Patel11 for the middle descending
thoracic aorta of the dog when modified to the conventional or Cauchy

strain measure (Ee== 7 1) units, The values of the incremental lon-

. =
gitudinal and radial modulus when modified cannot be directly compared
due to the assumption of constant longitudinal strain used in this analy-
sis, and the test methods used in the Patel experiments. The incremen=-

-1
tal tangential modulus Eeg(Cauchy) using the nomenclature of this report

and that of Patel is:
E;= [AG;/AE]AP = P leg gm/cm” (55)

The calculated values at each thoracic aorta location are given in
the table on the following page where a compariscn can be made with the
in-vivo tangential values calculated using the Table 1 data contained in
Patel's report. Patel measured incremental modulus for two different mean
pressures and for two different ranges of the tangential extension ratio
by virtue of his experimental set-up technique. The comparable range and

mean pulsatile pressure of this study is also given. As previously noted,

the test location chosen by Patel would be comparable to the locations of
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this study defined as the middle and lower location. With this in mind,
we see below that a reasonably good correlation exists between the pre=-
dicted in=-vivo values of 4200 to 8300 gm/cm2 for this study, based on

the in-vitro biaxial test results, and the experimental in-vivo values of

5800 to 8100 gm/cm2 of Patel.

UPPER | MIDDLE LOWER

Analysis 3525 4183 | 8340 |% = 1.30 to 1.40
p = 155 cm HZO
11 Ix
Patel 5= 1.29 to 1.45
(Table 1 - group 1) SBE5) ¥5=8600 IMDTL) p = 145 cm HZO

1.46 te! .55

154 cm HZO

Patel11

(Table 1 - group 2) 6631 to 8107 (MDTA)

o g
non

Conclusion
As a result of the biaxial test program of Chapter V which facili=-

"stress=-

tated the determination in Chapter VI of the in=-vitro directional
strain-elasticity' properties of the thoracic aorta tissue, it has been
shown that the in=vivo or physiologic characteristics of the aorta blood
vessel under the condition of pulsatile blood pressure can be predicted.
The physiologic characteristics are defined at each of the three thoracic
aorta locations in Table 8 for the pulsatile condition of loading and the
variation of each important parameter with respect to internal blood pres=-
sure is contained in Figures 27 thru 30. The study of these parameters

has resulted in an improved understanding of the affects of the pulsatile

pressure loading upon the in=-vivo blood vessel (such as a complete
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description of vessel distensibility, and information pertaining to the
longitudinal forces and shear strains acting between the blood vessel and
the supporting perivascular tissue). Such quantitative information has
not previously been available in the literature.

Of major significance is the fact that the analytically predicted
vessel characteristics have been shown to agree reasonably well with the
in=-vivo experimental findings of other investigators using segments of
the thoracic aorta of dog. The correlation of the calculated in=-vivo
parameters with the experimental findings reported in the literature im=
plies confidence in the fact that the in=vitro material biaxial specimen
test results can be used to predict.with reasonable accuracy the in-vivo

environment of the actual blood vessel.
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CHAPTER VIII

SUMMARY

This study has been confined to three principal areas. Each

is briefly discussed below and concluding comments are made.

Biaxial Test Apparatus

A relatively simple and inexpensive biaxial test set-up was de=~
signed and is described in Chapter V including the requirements of
specimen environment which must be maintained during such in=-vitro
specimen testing. This experimental design proved adequate in achiev=-
ing the end result which was the description of the passive or steady
state directional stress=strain-elasticity properties of the steer des=-
cending thoracic aorta at three longitudinal aorta locations for the
condition of plane stress loading. Similar experimental biaxial testing
of any blood vessel tissue has not been previously accomplished by other
investigators.

The experimental apparatus described in Figures 12 and 14 is
adequate for 5 cm square specimens which satisfies the use of large
animal blood vessels such as those of the steer. For smaller animals,
including man, and for smaller blood vessels having unstressed diameters
as small as 0.8 cm the basic design can be scaled down and with minor re=-
finements would be satisfactory for 2.5 cm square specimens. The use of
the extension gages ( M gages) of Figure 13 would be impractical for such
small specimens as measurement of directional displacements presents a

ma jor problem. An optical method is visualized which would be satis=-
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factory and which would not require photographic techniques,

In-vitro Blood Vessel Tissue Properties

The in-vitro tangential and longitudinal stress-strain-elasticity
properties of the non=-linear anisotropic blood vessel tissue are con-
tained in Chapter VI and are defined by equations (38) and (39) using
the coefficient tables, Tables 5 and 6. The stress-strain, and tangent
modulus=-strain, properties are given at each of the three thoracic aorta
longitudinal locations of Figure 4 and the variation of these tissue pro-
perties relative to the longitudinal location along the aorta tree are
shown graphically in Figures 21 thru 25. By virtue of the plane stress
loading of the specimen the properties of the tissue in the radial di-
rection cannot be defined without testing under tri-axial loading con=-

ditions.

In=-vivo Physiologic Predictions

Chapter VII has outlined the method whereby the in-vitro tan=-
gential and longitudinal plane stress properties of the tissue, deter=-
mined in Chapter VI, can be used to predict the in=vivo physiologic
state of the aorta blood vessel under physiologic pulsatile pressure
loading. A summary of the calculated physiologic data is given in
Table 8 and is shown graphically in Figures 27 ihru 30. This data per=-
tains to the in=-vivo blood vessel‘geometry, wall stresses, elasticity,
and the hemodynamic flow characteristics for both the unstressed state
and the normal physiologic state of pulsatile pressure loading. A
comparison of the calculated in=-vivo blood vessel characteristics with
the in-vivo experimental findings of other investigators, using blood

vessel segments, has shown that the analytical in=-vivo predictions
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agree reasonably well with the reported experimental findings. The cor=-
relation between the two methods, analytical vs. experimental, indicates
confidence in the fact that in=-vitro biaxial test specimen results can
be used to predict the in=-vivo characteristics of the blood vessel

material.

Not withstanding the success of this study various improvements
and modifications have been recommended in Chapters VI and VII which
would more accurately assess the findings of this study. An ideal situa-
tion for further study would be a well conceived program supported by
computer facilities whereby in-vivo measurements are made on living dogs
initially and then followed by the conducting of in=-vitro biaxial test-
ing of the blood vessel tissue. Such a program, while costly and time
consuming, would not only verify the accuracy of the correlation between
the two methods but should also lead to refinements of the analytical
techniques so that the need for future in=-vivo testing would be minimal.
The biaxial testing and the analytical in=vivo predictions based on such
work could be extended to the major arteries and veins which constitute
the local cardiovascular system supporting the heart and the major
vessels of the animal body. Concurrently with the above investigations
the variation of the two principal materials, elastin and collagen, with
location along the blood vessel length and the affects of these quantita-
tive variations upon the qualitative physical properties should be closely
examined. The potential value of such studies, under both normal and ab=-

normal physiologic conditions, is limited only to one's imagination.
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