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Rupture Properties of Blood Vessel Walls
Measured by Pressure-Imposed Test*
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It is expected to be clinically useful to know the mechanical properties of human
aortic aneurysms in assessing the potential for aneurysm rupture. For this purpose, a
newly designed experimental setup was fabricated to measure the rupture properties
of blood vessel walls. A square specimen of porcine thoracic aortas is inflated by air
pressure at a rate of 10 mmHg/s (=1.3 MPa/s) until rupture occurs. Mean breaking
stress was 1.81£0.4 MPa (mean*SD) for the specimens proximal to the heart and 2.3+
0.8 MPa for the distal specimens, which are not significantly different to those values
obtained longitudinally from conventional tensile tests. Moreover, the local breaking
stretch ratio in the longitudinal direction was significantly higher at the rupturéd site
(2.7%0.5) than at the unruptured site (2.2+0.4). This testing system for studying the
rupture properties of aortic walls is expected to be applicable to aortic aneurysms.
Experimental verification of the present technique for the homogeneous, isotropic
material is also presented.
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Therefore, a reliable predictor is necessary in assess-

1. Introduction . .
ing the potential for aneurysm rupture.

Aortic aneurysm is a crucial disease because its
diameter may increase until rupture occurs and this
usually has fatal consequences. Despite tremendous
advances in surgical techniques, the mortality of
ruptured aneurysm is more than 97%". At present, in
large institutions a thoracic aortic aneurysm is re-
placed with aortic prostheses when its maximal di-
ameter exceeds about 5cm, in order to avoid
rupture®. However, some aneurysms rupture at a
diameter smaller than 5 cm®. This empirical knowl-
edge such as a diameter is not a sufficient criterion.
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An association between aortic aneurysm forma-
tion and generalized atherosclerotic disease has long
been indicated, and the major risk factors for athero-
scretotic disease are high blood pressure, high-serum
lipid, smoking, and low insulin levels. From a bio-
mechanical point of view, some correlation may exist
between aortic aneurysm rupture and the mechanical
properties of the aneurysm. Changes in mechanical
properties may be of great importance in aneurysm
formation, where a degenerative change in the blood
vessel walls leads to dilation and rupture. Although
the mechanical properties of blood vessel walls have
been studied extensively, those of aortic aneurysm are
still not well known due to difficulties in obtaining and
handling human aneurysm specimens.

In previous studies, Sterpetti et al. reported that
the ratio of aneurysm diameter to vessel diameter was
a more effective risk factors for aneurysm rupture
than aneurysm diameter alone. Wilson et al.® hypo-
thesized that aortic compliance might provide a more
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precise quantification of risk factors for aneurysm
rupture and showed that a ruptured abdominal aortic
aneurysm was significantly lower in the pressure-
strain elastic modulus than an unruptured aneurysm,
observed using ultrasonography. MacSweeney et al.®®
also measured the pressure-strain elastic modulus of
aneurysmal aorta and showed that inelasticity of
aneurysmal vessels was attributable to the loss of
elasticity. However, these variables were obtained
only on the basis of changes in the aneurysm geome-
tries before rupture. Although Raghavan et al.?
performed uniaxial tensile testing on a human aneu-
rysmal aorta to determine the ultimate strength, and
indicated that aneurysm rupture might be related to a
reduction in the tensile strength, the uniaxial tensile
testing has difficulty in cutting a specimen out from
the aneurysm and providing only uniaxial properties
(not biaxial properties). Since blood vessel walls are
subjected to hemodynamic stresses, rupture properties
should be evaluated by a pressure-imposed test from
a physiological standpoint.

In the present study, we fabricated an experimen-
tal setup for pressure-imposed tests in order to mea-
sure the rupture properties of thoracic aortic aneu-
rysms. The experimental setup was newly designed to
rupture rectangular specimens excised from aneu-
rysms. As the first step, we applied this technique to
the rupture tests of porcine descending thoracic aor-
tas. The results obtained using this technique were
compared with those obtained from conventional
uniaxial tensile tests. Our final goal should be to
measure the rupture properties of human aortic aneu-
rysms, which would be an important advancement
toward the estimation of rupture potential of aneu-
rysms. ‘

2. Materials and Methods

2.1 Design of apparatus

‘Most aneurysm specimens which can be obtained
in hospitals are not tubular specimens but rectangular
specimens. Therefore, we designed an experimental
setup which can apply pressure to rectangular speci-
mens. The pressure is applied not by water but by air
for simplicity in manipulation. A detailed view of the
experimental setup for specimen mounting is shown
schematically in Fig. 1. The setup mainly consists of
a rubber balloon and three metal plates with a hole
(top, middle, and bottom plates). The specimen is
mounted on the middle plate with the hole of 20 mm in
diameter, with its adventitial side to'be measured
facing up. The adventitial surface of the specimen is
marked with black ink in the circumferential and
longitudinal directions at 2 mm intervals. These dots
are used as a reference in measuring the local stretch
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ratio. The rubber balloon on the bottom plate is used
to apply pressure to the specimen. The specimen
deforms through the hole of the top plate which is 15
mm in diameter. After mounting the specimen, all the
plates are fixed by using eight bolts and are covered
with an acryl box to prevent fragments of broken
specimens from falling on the floor.

A schematic diagram of the pressure-imposed
tests is shown in Fig. 2. Air pressure to inflate the
rubber balloon is generated by an air compressor
(DSP-02P, Iwata, Japan) and transferred to an
electropneumatic regulator (ITV2050-212 BL5, SMC,
Japan) via an air filter (AF2000, SMC, Japan). The
applied pressure is measured with a pressure trans-
ducer (PGM-5KC, Kyowa, Japan) and transferred to
a personal computer (DynaBOOK, TOSHIBA, Japan)
via a strain amplifier (AS1201, NEC San-ei Instru-
ments, Japan). The security finger valve against
pressure overload is rendered dysfunctional. The
experiments are controlled by the personal computer
which runs a data acquisition software (LabVIEW5.0,
National Instruments, Japan). The deformation pro-
cess of the specimen surface is observed on a TV
monitor screen (TM1550, Ikegami, Japan) through
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Fig.1 Experimental setup of specimen mounting
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Fig.2 Schematic diagram of pressure-imposed tests
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one CCD camera (CS3150, Tokyo Electronics, Japan)
for the front view and another CCD camera (TM1650,
TOSHIBA, Japan) for the side view. The two images
are superimposed on the TV monitor screen through a
digital video mixer (MX-1, VIDEONICS, Japan), and
are continuously recorded by a VCR (HR-TS1, Vic-
tor, Japan) with a video timer (VTG-33, FOR-A,
Japan) with increasing the applied pressure. Further-
more, a high-speed camera (FIRSTCAM-Net 1000/
Mazx, Fotoron, Japan) is used for the detailed observa-
tion of the rupture site.
2.2 Specimen preparation and experimental pro-
tocol
Six porcine descending thoracic aortas (see Fig.
3, approx. 20 mm in outer diameter, 2 mm in thick-
ness) were obtained just after death at a local
slaughterhouse. The thoracic aortas were immediate-
ly immersed in physiological saline solution, trans-
ported to the laboratory, and then stored at 4°C until
the mechanical testing was performed within 72 hours
postmortem. The aortas were trimmed, and the inter-
costal arteries and the surrounding tissues were care-
fully removed from the aortas with forceps and scis-
sors. The aortas were then cut longitudinally into flat
slabs along the intercostal arteries and square speci-
mens of 20X 20 mm were excised from the proximal
and the distal regions. The various positions of the
specimens along the aortas were identified by refer-
ring to the intercostal arteries (IA-1 to IA-6), as
shown in Fig. 3. The thickness of each square speci-
men was measured with an area micrometer of our
own design. Each square specimen was then mounted
on the experimental setup after marking its
adventitial surface with a black ink in the circumfer-
ential and longitudinal directions at 2 mm intervals, as
previously described. Care was taken not to give the
specimen any external load. Air pressure was applied
into the rubber balloon to inflate the specimen at a
rate of 10 mmHg/s (=1.3 MPa/s) until rupture occur-
red (max. 5000 mmHg (=665 MPa)). The deforma-
tion process was observed through the two CCD
cameras and the high-speed camera. Images were

Fig.3 Schematic diagram to show specimen position
along the thoracic aorta. Intercostal arteries are
used to identify these positions.
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recorded every second and analyzed to measure the
specimen geometries with a image processing soft-
ware (NIH Image 1.62, National Institute of Health,
USA) on a personal computer (Power Mac G4 Cube,
Apple Computer, USA). The rate of the high-speed
camera was 3 000 frames/s.

2.3 Characteristic parameters

Mean breaking stress and stretch ratio were

estimated from the specimen geometries and the
applied pressure under the assumption that the speci-
men is incompressible and isotropic. In addition, the
deformed state is assumed to be a combined geometry
of a thin-walled hemisphere and a thin-walled cylin-
der when rupture occurred. The parameters were
calculated as follows.

For a thin-walled hemisphere, the Laplace law
leads to:

PR
0=57 (1)

where 0 is the stress, P the transmural pressure, K the
radius of curvature, and 7 the thickness. The param-
eter R is identical to the radius of the hole of the top
plate in Fig. 1. The parameter 7 is calculated by the
following equation :
*2 1%
= (2)

where 7* is the radius of the hole, #* the initial
thickness, and S the area. The specimen area S is
expressed as:

*2
S:A”—ngrMR(Dmax—R)

:ZHRDmax
where Dmax is the maximum displacement. By sub-
stituting Eqs.(2) and (3) into Eq.(1), the mean
stress is found as follows :
P (1)
The mean stretch ratio is calculated as follows:

“ 7Z'R+2(Dmax_R)
A= Y : (5)

(3)

9

The local breaking stretch ratio was also mea-
sured from the differences in distance between dots on
the specimen surface.

2.4 Tensile test

In a separate experiment, we performed a tensile
test on the thoracic aortas using an uniaxial tension
tester (AGS-50D, Shimadzu, Japan). A dumbbell-
shaped specimen (approx. 40X15X2mm) with a
gauge section length of 10 mm was cut out from the
thoracic aortas. The cross-sectional area of the
specimen was measured with the area micrometer.
Parallel lines with an insoluble ink were marked on
the middle of the specimen in order to obtain strain
data. The specimen was stretched at a tensile speed
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of 20 mm/min, being constantly irrigated with a physi-
ological saline solution. The gauge length was observed
on a TV monitor screen (PM-141, Ikegami, Japan)
through a CCD camera (TM1650), measured with a
video dimension analyzer (C3161, Hamamatsu,
Japan) and continuously recorded on an X-Y
recorder (WX2400, Graphtech, Japan), along with the
corresponding response in load. The stress-strain
curve was constructed and the mean breaking stress
was calculated. No preconditioning was carried out in
the experiments.
2.5 Statistical analysis

Differences and correlations among the data were
analyzed using the unpaired Student’s ¢ test for equal
variance and the unpaired Welch’s test for unequal
variance, respectively. A value of »<0.05 was consid-
ered to be significant in all analyses. Data are ex-
pressed as mean *SD.

3. Results

To demonstrate the effectiveness of the present
method, an experimental comparison was made for a
silicone rubber for the pressure-imposed tests and the
uniaxial tensile tests. This material can be considered
to be homogeneous and isotropic. The conventional
dumbbell-shaped specimen (approx. 40 mm X 15 mm
X1 mm), with a gauge section width of 6 mm and
length of 15 mm, was cut out from the material and
subjected to the tensile tests. The stress-strain curve
was obtained up to rupture. The breaking stress
obtained from the tensile tests (47.0-5.4) was
compared with those obtained from the pressure-
imposed tests (40.414.0). Student’s ¢ test proved that
the results for these two tests showed no significant
difference for this homogeneous, isotropic material
($<0.05).

A typical deformed state of the porcine thoracic
aortas for (a) the side view and (b) the front view
are shown in Fig. 4. We use a Cartesian coordinates
system (x, y, 2), corresponding with the x, ¥, and z

|
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Fig.4 Typical deformed state of the specimen surface.
(a) Side view and (b) front view
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directions in the circumferential, longitudinal, and
radial directions of the blood vessel walls, respective-
ly. The typical photographs of ruptured specimens for
(a) the adventitial side and (b) the luminal side are
shown in Fig.5. Rupture occurred parallel to the
circumferential direction for all the specimens.

The breaking stresses for the specimens proximal
and distal to the heart were obtained from the pres-
sure-imposed tests and compared with those obtained
from the conventional uniaxial tensile tests, as shown
in Fig.6. In the pressure-diameter tests, the mean
breaking stress was 1.8%0.4 MPa for the proximal
specimens and 2.3%£0.8 MPa for the distal specimens.
Comparing the breaking stresses among the proximal
specimens and among the distal specimens, no
significant differences were found between the pres-
sure-imposed test results and the longitudinal tensile
test results (1.5%+0.5 for proximal, 2.010.7 for distal).
In contrast, significant differences were found between
the pressure-imposed test results and the circumferen-
tial tensile test results (4.0%=0.7 for proximal, 3.310.6
for distal). In the tensile tests, the breaking stresses
were significantly higher in the circumferential direc-
tion than in the longitudinal direction for the proximal
and distal specimens. For all groups, there were no

(a) Adventitial side

(b) Luminal side

Fig.5 Typical ruptured specimen for (a) adventitial
side and (b) luminal side, showing a tear parallel
to the circumferential direction
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Fig.6 Comparison of breaking stresses between pres-
sure-imposed tests and uniaxial tensile tests
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Fig. 7 Distribution of local stretch ratio just before
rupture

significant differences in breaking stress between the
proximal and distal specimens. In addition, the mean
breaking stretch ratio obtained from the pressure-
imposed tests showed a significantly higher value for
the proximal specimens (2.02£0.04) than for the
distal specimens (1.8810.04) (figure not shown).
"Moreover, the starting point of crack propagation
was confirmed from the high-speed images and the
local breaking stretch ratio was measured for the
proximal specimen. Distribution of the typical local
stretch ratio just before rupture is shown in Fig. 7. In
the figure, the dashed line shows crack propagation
from A to B with a higher stretch ratio. The local
stretch ratios at both ruptured and unruptured sites
were measured from the images and were compared
in Fig. 8. The local stretch ratio at the unruptured site
was defined as an averaged value of the differences in
distance between dots where cracks were not ob-
served. The local stretch ratio in the longitudinal
direction was significantly higher at the ruptured site
(2.7+ 0.5) than at the unruptured site (2.2%£0.4), while
there was no significant difference in the circumferen-
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Fig. 9 Comparison of deformed state and spherical curve
just before rupture

tial direction. For the proximal specimens, the aver-
aged value of these local breaking stretch ratios (2.3
*0.4) showed no significant difference from the mean
breaking stretch ratio (2.02%+0.04), which indicated
that the degree of anisotropy in porcine thoracic
aortas had little effect on the present analysis.

4. Discussion

The experimental setup for the pressure-imposed
test was newly designed and fabricated to measure the
rupture properties of porcine descending thoracic
aortas. To test the accuracy of the assumption that
the deformed state is a sphere, a typical deformed
geometry in the cross section of the yz-plane just
before rupture at 2 300 mmHg (~305.9 MPa) and the
spherical curve are shown in Fig. 9. Solid and broken
lines represent the deformed geometry and the spheri-
cal curve, respectively. The difference between the
two lines is within 5% in the range of 6.5 mm of the
z direction. A similar result was obtained in the cross
section of the xz-plane.

In the pressure-imposed tests, rupture of the
aortas occurred and crack propagation proceeded
along the circumferential direction of the aortas. This

JSME International Journal

NI | -El ectronic Library Service



The Japan Soci ety of Mechanical Engineers

result indicates that the ultimate tensile strength is
higher in the circumferential direction than in the
longitudinal direction. Thus, in the pressure-imposed
tests, rupture will occur in the direction having the
smaller ultimate tensile strength, which implies that
the pressure-imposed tests would be effective in clar-
ifying the difference in ultimate tensile strength in the
in-plane direction. In the uniaxial tensile tests, the
breaking stresses in the longitudinal direction were
significantly lower than those in the circumferential
direction. Taken together, porcine thoracic aortas
can be considered to be orthotropic materials and thus
the tensile strength in the longitudinal direction is
significantly lower than that in the circumferential
direction.

In the pressure range near the rupture, collagen
fibers, most of which are recruited, are expected to
withstand such a high pressure and orient in the
circumferential direction. Collagen fibers are known
to be approximately 1000 times stiffer than the other
two components, elastic fibers and smooth muscle
cells. In a separate study®, histological observations
of porcine thoracic aortas revealed that collagen
fibers and sméoth muscle cells uniformly dispersed
between elastin lamellae and oriented in the circum-
ferential direction. This histological structure may be
closely related to the tensile stiffness of the aortas.

Groenink et al.® investigated the mean breaking
stress of a normal human thoracic aorta using pres-
sure-diameter testing in relation to age and showed
that the mean breaking stress was in the range of 4.7
MPa to 0.9 MPa from donors aged 8 to 59 years.
Although the pressure-diameter test may provide
useful information on the rupture of aortas under
close to in vivo conditions, it cannot be applied to
rectangular specimens. There was no significant
difference in mean breaking stress between the prox-
imal and distal regions in our studies. Purslow®
performed a tear test on pig descending thoracic
aortas along the aortas from just in front of the first
intercostal artery to the sixth intercostal artery, and
showed that the longitudinal and circumferential ulti-
mate strength increased with distance from the heart.
This difference may be due to the difference between
the two experimental tests. The pressure-imposed
tests provide the tensile properties of the aortas, while
the tear tests provide the shearing properties.

Unlike the mean breaking stress, the mean break-
ing stretch ratio of the proximal specimens was
significantly higher than that of the distal specimens.
The reason for this difference remains unclear. It is,
however, interesting that the standard deviation of the
mean breaking stretch ratio is much smaller than that
of the mean breaking stress. Therefore, the mean

JSME' International Journal

1295

breaking stretch ratio may have a critical value of
rupture and it may be of clinical value to estimate the
functional state of the aortas in aortic degenerative.
It is also interesting that local stretch ratios were
significantly different between ruptured and unruptur-
ed sites. Further study is necessary to understand the
mechanism of rupture on the basis of the mechanical
parameters together with the wall microstructure.

There are several limitations to this study that
should be noted. One of the limitations is that, in the
specimen preparation, cylindrical specimens are cut
longitudinally into flat slabs while rectangular speci-
mens are examined. This geometrical difference may
affect the breaking properties of the aortas. Another
limitation is that since the degree of anisotropy of
porcine thoracic aortas is small, the deformation
could be assumed to be a spherical shape. However,
the present analysis cannot be applied to the case that
the specimens exhibit strong anisotropic properties.
Moreover, the deformed geometry of the specimen
was assumed to be a thin-walled hemisphere. Just
before rupture, the thickness of the porcine aortas
was about 1 mm and the ratio of radius to wall thick-
ness was about 7.5. Since the ratio of 10 is generally
said to be a criterion for assuming a thin-walled
hemisphere in a texthook, the specimen should be
assumed to be a thick-walled hemisphere for more
accurate analysis. It is our next step to overcome
these shortcomings in the future study.

5. Conclusions

We have designed and fabricated the experimen-
tal setup for pressure-imposed tests to measure the
rupture properties of thoracic aortic aneurysms. As
the first step, this technique was applied to porcine
thoracic aortas to measure the breaking stress and
stretch ratio. The mean breaking stress was 1.8+0.4
MPa for the proximal specimens and 2.3£0.8 MPa for
the distal specimens, which showed no significant
differences compared with those longitudinally
obtained from the conventional tensile tests. More-
over, the local stretch ratio in the longitudinal direc-
tion was significantly higher at the ruptured site (2.7+
0.5) than at the unruptured site (2.2%£0.4). This
testing system for studying the rupture properties of
aortic walls is expected to be applicable to aortic
aneurysmes.
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