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Abstract

Resulis of comparative tests on pulmonary arteries [rom untreated Long Evans rats are presented from three sections of the
artery: the trunk. and the right and feft main extrapulmonary arteries. Analyses were conducted looking for mechanical differences
beiween the fiow (longitudinal) and circumferential directions, between the right and left mair arteries. and between each of the
maing &nd the trunk. The mechanical properties of rat pulmonary arteries were obiained with a bubble inflation technicue. A fal
disk of rat pulmonary artery was constrained at the periphery and infiated, and the gcometry of the resulting bubble of material
recorded from six different angles. To analyze the data, the area under the stress-strain curve was caleulated for cach test and
orientation. This aren, related to the strain-energy density, was calculated at siress egual to 200kPa, for the purpose of statistical
comparison. The mean values for the area show that the trunk is less compliant than the main arteries: this dilference is supported
by histological evidence. When comparing the circumferential and longitadinal propertizs of the arteries. differences are found for
the trunk and left main arteries. but with opposite orientations being more compiiant. The mean values for the iwo orientations for
the right main artery are statistically identical, There was indication of significant difference in mechanical properties between the
trunk and the main arteries. The lefl main artery in the circumferential orientation is highly compliant and appears to strongly
nfluence the likclihood that significant differences will exist when inciuded in a statistical population. These data show that each
section of the extrapulmonary arterial system should not be expecied to behave identically. and they provide the baseline mechanical
behavior of the pulmonary artery from normotensive rats.
£ 2006 Elscvier Ltd. All rights reserved.
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i. Introduction downstrearn pulmonary vascular resistance. Conse-
quences of PH are increased workload oa the right
ventricle as well as functional and structural alterations
of the pulmonary vasculature {Humbert et al., 2004).
There are several studies being conducted to
evaluate moiecular, cellular, and mechanical factors
influencing downstream pulmonary arteries, but de-
tailed biomechanical studies of the proximal arteries are

Individuals with pulmonary hypertension (PH), either
idiopathic or otherwise, can develop siiffening of the
proximal pulmenary arteries subsequent to changes in
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lacking. These arteries are known to be more than
simply passive conduits to move blood into the
pulmonary microcirculation; they nlay key roles in
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modulaiing pulmonary hemodynamics (Heath ¢t al,
19539; Holfmarn, 1972; Ramsey and Jones, 1994; Snider-
rman and Firchett, 1988 Tozzi et al., 1994). Under-
standing the fundamental biomechanical features of
these arteries under normal and hypertensive conditions
becomes an important component in assembling a
commplete picture of pulmonary vascular dynamics in
PH. Such information should aiso facilitate the devel-
opment of novel diagnostic techniques for evaluation of
the mechanics of the proximal puimonary artery in the
clinical situation.

A rat model is & common first step in understanding
discases such as PH. This study chuaracterizes the
mecharnical properties with respect to structure of all
the extrapulmonary arteries- -those more accessible in
the chinical setting — in both (he circumferential direction
and direction of blood flow to establish baseline
properties for comparison with hypertensive arterics.
Several studies have examined structural and mechan-
ical changes to the rat pulmonary arterics with
hyperteasion. However, the lack of data on the proximal
irunk and main extrapulmonary arteries limit the atility
of the data presented in thesc studies for our investiga-
tion of the mechanics of proximal arteries.

it has been established that the lung and pulmonary
arteries remodel with PH {Fung and Liu, 1991; Jeffery
and Morrell, 2002: Meyrick and Reid, 1983), and the
changes occurring in the fung have been well characler-
ized (Alliere et al., 1986; Davies and Reig, 1991; Ivy ¢t
al., 2005; Langleben et al., 1988; McKenzic et al., 1984;
Meyrick and Reid, 1981; Wilson et al., [989), However,
the pathology and, particuiarly, the mechanics of the
pulmenary trunk and the extrapulmonary arteries are
less well documented. McKenzie et al. (1984) have
reported on the biochemical and histological response of
the pulmenary trunk to hypoxia-induced PH. and
Wilson et al. (1989) described the pathology of mono-
crotaline-induced PH in the “major pulmonary ar-
teries.” A few research groups {Coflesky et al.. 1987,
Huang et al, 2001: Langleben et al, 1988; Liu and
Fung, 1993ab; Liy, 1994) have examined the mechanics
of the left extra- and intrapulmonary main arteries, but
none have siudied the mechanical properties of the
trunk or compared propertics of the right and left main
extrapulmesnary arteries. Only Liu and Fung (1993a, &)
have compared the circumferential and longitudinal
{direction of biood flow} orientations. Using a mouse
mode!, the circumferential mechanical properties have
been meastired in the left main pulmonary artery and
have correlated the measured properties to the structure
of the normal {Chesler et al., 2004) and hyperlcnsive
{Kobs et al., 2005) arteriat wall.

Based on a review of past studies {Debes and Fung,
1995, Holzapfel et al., 2000; Humphrey et al., 1993}, we
chose 1o use the bubble test for our studies. I researc
fed by Humphrey {Downs et al., 1990; Hsu et al., 1994,

1995 Humphrey ¢t al., 1987), the bubble test lechnigue
was refined to account for the anisotropy of the
displucements with loading and resuited in a two-
dimensional strain energy function. The bubble test
provides a good compromise between the increased
complexity {and resulting decrease in experimental
reproducibilityy of a [ull tension/inllation/torsion iest
and the simplicity {and potential lack of accuracy) of a
hasic uniuxial test. Furthermore, the test is efficient to
set up and run, it i3 well-suited for small sampies, the
circumlerential and longitudinal data are readily obtain-
able, snd the cheice of the bubble test is justitied by the
membrane-type characterislics of the highly compliant
pulmonary arterial wall. Recognizing that the bubble
test does not allow for a comprehensive analysis of the
artery properiies, it does however provide for compar-
isons of sections and orsientations not readily available
from other iest configurations.

(]

. Materials and methods

ko

L Specimen preparalion

Animaj studies were performed following institutional
guidelines and an  approved protocol (ASP  #
444340504071 E). The rat pulmonary arteries used for
meachanical testing were from Long-Evans rats with
ages ranging from 83 tc 89 days. The rats were sacrificed
at University of Colorade Health Sciences Center.
where the extrapulmonary arteries were dissected away
from surreunding lung and thoracic tissue. The arlery
was transported in isotonic buffered solution (RPMIY
for mechanical testing. All tests were conducted within
24 b of sacrifice.

The arteries were first visually inspected for anomakies
{holes, tears. extransous material. etc.), then each artery
was Turther prepared to provide three test specimens per
animal—one cach from the trunk, right main arery, and
loft main artery. Each section was cut paralicl Lo its axis
and opened to form a rectungular piece of tissue. A
reference line was marked on the material with India
ink. indicailing the direciion of blood fiow through the
artery, and the adventitial layer was trimmed to obtain
uniforn thickness and provide a specimen for testing
that consisted primarily of the medial layer (bound by
the inner and outer eiastic lamina, and the mtima). A
circular disk (~3 mm in diameter) was cut for placement
into the test fixture from the rectangle. The test
specimen was then placed intima side up on an O-ring
and ioaded into the fixture with the flow (longitudinai)
direciion of the specimen Hined up with the pressure inlet
tube of the test fixiure. Care was iaken to avoid

fic3

'Product name is provided oaly for completeness of description. lis
inclusion does not Impiy endorsement by NIST.
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preséressing the specimen during this procedure. For the
duration of the test, the test fixture was placed in a
reservoir of phosphate-buffered saline solution {without
Ca or Mg) held at 37°C.

2.2, Experimental setup

The specifics of the experimental setup are described
elsewhere {Drexler et al., 2003). Fig. 1 shows a schematic
drawing of the tlest fixture. In order for membrane
assumptions to be applicable to this bubble-inflation
test, the general rule is that the diameter of the sample
{or the aperture through which it is inflated) be at least
iG times the thickness of the sample {Young and
Budynas, 2002). The aperlure in the cap of the test
fixture is 2.318 mm in diameter and for the puimonary
arteries tested, the thickness of the specimen was
generally less than 0.2080 mm,

The eylindrical tank was designed with twelve equally
spaced windows at 30" intervals through which the
specimen may be viewed. A set of six images was taken
of the inflated material by three cameras, 60° apart, and
with a rolating stage. Commercially available computer
software was used to incrementally increase pressurc
every 1.38kPa. A review of the literature showed that
mean pulmonary arterial pressure {mPAP} in healthy
rats can range from 2.57kPa {Jiung et al, 2002) in
Sprague—Dawley rats to 3.84 kPa (Deten et al., 2003) 1n
l.ong--Evans rais. A maximum inflation pressure of
17.9kPa was chosen to mimic exlreme hypertension in
the pulmoenary artery. Fig, 2 shows a schematic of the
test systemn. All elementis of the pressurization sysiem
had low compliance relative 1o the test material, and the
range of oressure was adequaie for festing of the
compliant arieries. with minimal pressure hysteresis.
The thickness of each specimen was measured afier the
test with a laser micrometer.

2.3, Analvtical approach

Imuages coliected from the horizonial cameras were
used to determine response in the circumferential C{G7)

T /Cap

Specimen

O-ring
Base

Fluid inlet

Fig. 1. Schematic of the bubble test fixture.

Computer |

fiuid reservoir

T .
<2 apecimen
y fixture
| |§ i
————1 roitating stage Ball

Fig. 2. Schemuatic of the computer-controlled babdle test sysiem.

pressure

Actuator

and longiiudinal L (90°) orientations. Average strain &
for sach orientation was calculated from the length /
{uncertainty u, = 8.058 mm} of the inflated material
(profile) at each pressure p {1, = 0.195kPa) increment,
and relative to a caiculated initial length 4. The initigl
portion of the length vs. pressure Ip daia (1.38
6.90kPa} was fit to a straight line and the intercept at
p =10 was used for /. The siretch /4 was calculated
relative to the length fy:

/

- i \

Ace =7 (1}
0]

e=1In /‘1('_;_. (2/’

We will make the standard assumptions that the
material is incompressible, pseudosiastic, anisotropic,
homogenesous, and can be modeled as a membrane
{Fung, 1923}, The straig 18 not uniform in the inflated
eiiipsoid because the siress in an eilipsoid under internal
pressure varies with spatial location and direction and
the anisotropic nature of the arterial tissue. We are
reporting the average sirain based on the entire length of
the bubble profile to reduce the noise in the measure-
ment of strain. To understand the magnitude of the
variation one expects in the strain, we modeled g
representative test {a left artery which demonsirates
the most strain-stiffening behavior observed and is a
worst casej with the constitutive law proposed in
Bischoffet al. (2004), The model parameters were found
by minimizing the difference between the model-
predicled final shape using finite elements and that
measured in the experiments at the maximum pressure.
For the sample fitted, the model predicted that the
difference between the average sirain and the straip at
the crown of the bubble was 5%.

For siress, the arterial wall was assumed to be
incompressivle perimiiting calculation of the material
thickneass ¢ {1, = 0.0172 mm) from the surtace area of the
irnflated materiul. The surface area was approximatad as
a partial generu! ellipsoid. The vertical semi-axis {¢)
(2. = 0.029 mm} and the horizontal semi-axes (¢ und 5)

Material may be protected by copyright law (Title 17, U.S. Code)
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of ihe ellipsoid were delermined by examining the side-

yiew images. The semi-axes g and b {1, , = 0.014 mm) of

the ellipseid did not necessarily align with the circum-
farzniial and longitudinal orientations (Fig. 3a). The off-
axis angle & wag obiained by measuring the width of the
subble at the end of the test for all camera angles io
Jdetermine the orlentation of the horizental minor axis.
The actual vatues for the semi-axes ¢ and & were
calcuiated from € and the nrojeciion of the semi-axes in
the circumferential e‘md ‘aong;‘ dinal views, & and #'.
respectively. When 0 = 8, o' = gand &' = 5. Given . ',
and &. the semi-axes of the ellinsoid, ¢ and &, were
caleulated from

— 6" tan? @ g tan2 o

I#v 1 —tan* &

The surface arca S of each bubble was then

numerically expressed as the surface area of a partial

(3)

V1 —tan*¥

yo 0
EY
&g ¢
° ? EXT T
—
a . -
1) i
N
-
1
fc)

Fig. 3. Schematics showing the olf-uxis angle # from the top view of

the eflipsoid {a). the side view when ¢ € A<e (B). and the side view
when <0 ().

ellipsoid, with 7 representing the offset of the center of
¢ ellipsoid from the hase (i.e., flat bottom) of the
bubblie. Fig. 3 shows schemati s how S would appear
for h>0 {Fig. 3b) and for i< (Fig. 3c).

As exprassed by Flugge (1973), the maximum stresses
at the top of a general ellipsoidal shell wnder internal
pressure are given by

pe fa b + {frl — b7)cos? 0
G = — 7T 2 2
77 = \h a ] 1‘ @+ (b7 — aticos? O
{4)
and
- f P 2
nelab  fa M L e+ T — ot 0T
ce=% |5 - - ——1cos 28" P N
217 \b a) SV H A las — brcos )
(3)

where @, and o are the Cauchy stresses in the
longitudinal and circumfcrential directions. respectively,
and 8% is found from the relalion

o .
tan § = = tan #". {6)

The initial load {0 kPa) was defined as the point where
the tissue continued emerging above the surface of the
fxture withoul increasing the pressure : that is. Aé>C
when Ap = O, where & 13

Results

Bubble tests were conducted on specimens {from eight
untreaied rats. Representative images looking at (lefor-
mation al 17.9kPa in the circumlercatial and long-
itudinal orientations are shown in Fig. 4a and b,
respectively. From images and the pressures al which
they  were collected. mechanical properties for {he
arterics were calculated. Data showing the maximum
stress as a lunction of average strain, comparing the

Fig. 4. Side-view images of a fully inflated trunk and looking in the direction of (a; cireumferential {97 cameru) and {2) longitudinal {$0 camera)

displacements.
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circumferential and longitudinal orientations, are in
Fig. Sa—c for the trunk, the right main arizry, and the
left main artery, respectively, from all tests. One major
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Fig. 5. Plots showing Lhe refationship between stress and average
sirain in the {a) trunk. (h) right. and {c) left main arteries. Different

syinbols correspond {o each artery tested.

observaiion from these plots is thal the right and left
main arteries demonstraie strain-stiffening behavior,
where the maximum siress increases sharply with littie
increase in strain, unlike the trunks. The mean thickness
of the trunks is 4G% higher than the mean thickness of
the main arleries, so the same pressures resulled in lower
stresses for the trunks as compared with the maln
arteries. It also appears that the right main shows less
strain than the left main. The relationship between the
tongitudinal and circumferential orientalions for each
section is not clear from the plois.

We fit each siress—slrain curve, in the iongitudinal and
circumferential orientations, with a spline and inte-
graied under the curve to obtain a value that could be
used for statisticai comparison. The integration Hmits
were from § to 2G5 kPu, the largest stress achieved by all
the tests. This caleulated area 4 is related monotonically
to the strain-energy densily for that orlentation, and the
greater the value of A, the more compliant the artery.

The data were analyzed to determine whether a
significant difference existed in A belween any two
conditions. (In anlicipation of comparing these data
with the data from rais treated 1o induce PH, we
will present all statistical comparisons thal are of
potential interest.) Table 1 provides the mean and
standard deviation of A for each section and orienta-
tion. Table 2 shows the statistical comparison of the two
conditions 1indicated; the first column lists the two
condittons being compared. The first letter indicates the
section {L. = ief% main, R = right main, T = trusak), the
second letter iadicsies orientalion (L = longitudinal,
C = circumferentiai). The second column contains ihe
values for probability £ as determined by Student’'s T
test {or o paired 7 test, where indicated). A paired T iesi
was empioyed when there was a direct comparison
between two orientations from the same artery. Because
we did not obtain valid results {due to leaks during the
test or flaws) for every section of cvery artery it was not
possible to compare the sections using the paired 7 test.

Table 1
Values for the mean and standard deviation of # calculated at
o =200kPa

Sectionforientation W

LL 319422
LC 353£23
RL 320426
RC 322428
TL 304426
TC 23.21+4.2

The first fetter indicates the section {L. = lefi main, R = right main,
T = trunk). ihe second leiter indicates orientation (L = longitudinai,
C = sircumizrential).

Material may be protected by copyright law (Title 17, U.S. Code)
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4, Histology

A histological study of untreated rat PAs was
conducted in order to better understand the resufis of
our mechanical tests and to provide & baseline for future
tests on freated animals. We observed that the trunks of
the pulmonary arteries characteristically have more
tayers of elastic laminae than do the left and right main
arieries, as shown in Fig. 6a and b. Here, the {runk is
bounded by internal and external elastic lamina and has
about eight internal luminae, with average thicknesses of
aboui dum. The overall thickness of the medial layer
shown for this trunk is about 90 um. The main arlery
shown in Fig. 6b is bound by internal and external
elastic lamina and has about 5 internal laminae, of
similar thicknesses. The overall thickness of this main is

Table 2
Povaiues as determined from Student’s T oiest for A calculated at
7= 200kPa

P
Mvs. T 9.60E-04
Lwvs. T {.40E-03
Rowvs, T 09033
Lvs, R 0.i6
MC vs. TC 0.0022
ML s, TL 0.{9
LC vs. TC 2.00E-03
RC vs. TC 0.074
LLvs. TL (126
RL vs. TL (1.3
LC vs RO (.048
LL vs. RL 0.96
LL vs. LC#* 0.0093
RL vs. RC* 0.86
TL vs. TC* 0.041

FPaired T-test: P< (.05

The firsi lefter indicates the section {L = laft muin. R = night main.
T = trunk). the second leiler indicates orientation (L = longitudinal,
C = circumferential).

- 5C um

about 70 pm. The areal fraction of the laminae in these
iwo cases was measured to be 56% and 35% for the
trunk and main, respectively. The higher areal fraction
{and presumably volume fraction} of ¢lastin found in the
trunk would support the significantly different mechan-
ical behavior observed between the i{runk and main
arieries.

The right and left main arteries also have character-
istic differences. The right main typically has a larger
diameier and is shorter {between hearl and lung) than
the lefi main. The thicknesses of the media in the right
main range from 50 to 150 pm, and have 3--6 internal
elastic laminae. The left main artery is generally thinner
than the right main artery, about 50-%0 um. with 2-3
internal elastic laminae.

5. Discussion

The data for A indicate that the left main artery in the
circumferentiaz! orientation is the most compliant, the
trunk ia the circumfereniial orientation is the ieasi, and
both erientations of the right main artery fall between
(Table 1} Significant dilferences {Table 2) exist between
the irunk and pooled population from both main
arteries (P<0.081), and the ieflt (P<0.005) and right
(P <2.05) independently. No sigmificant differences
appear when comparing the right and left main arteries
{P>{.1). Looking at the contribution of the orientation,
indications are that the circumferential orientation from
the left main arterv is significantly more compliant than
anything to which it is compared. Comparisons between
the different orientations from the right main artery and
the trunk reveal no significant differences, nor do they
appear (0 exist between the left longitudinal and either
the right or trunk in the longitudinal orientation.

Comparison between the longitudinal and circumfer-
ential orientations for each secticn seems io show
significant differences for the irunk {P<0.05) and left

o e B R

Fig. 6. Cross-sectional views of (a} trunk and (b} right main extrapulmonary artery {rem aa untreated rat with adventitia left uatrimmed. Mote the
greater number of elustic laminae visible in the dark gray medial layer for the trunk vs. the main extrapulmenary artery. The stain is pentachrome.
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main artery (P<0.01), but not for the righl (£>0.5). 4
is consisiently greater in the circamferantial orientation
for the left main artery, and predominantly greater in
the fongitudinal orientation for the trunk when making
a direct comparison beiween orieatations. There is no
predominance in the right main artery.

The reason for these differences has yet o be
determined. Simple structural differences, such as
proximity to feeder arterics or bifurcations in lhe
longitudinal direction, may account for an apparent
statistical difference between the circumferential and
longitudinal orientations. But perhaps ithere are other
factors; the rat physioiogy shows that the left lung has a
singte lobe, whereas the right has four major lobes and
one miner, The artery supplying the right lung is shorter
with a larger diameter, whereas the left is longer,
narrower and straighier. Theoretically, the narrower
left main artery would need to iransport the same
volume of blood as the larger diameter right main
artery, so it would nesd o be more compliant to
sccommodate the volume. Clearly differeat transport
functions {conduit vs. dampening functions) contribute
1o the different properties of the trunk and the left main
artery.
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