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Abstract

Atherosclerotic plaque may rupture without warning causing heart attack or stroke. Knowledge of
the ultimate strength of human atherosclerotic tissues is essential for understanding the rupture
mechanism and predicting cardiovascular events. Despite its great importance, experimental data on
ultimate strength of human atherosclerotic carotid artery remains very sparse. This study determined
the uniaxial tensile strength of human carotid artery sections containing type Il and 111 lesions (AHA
classifications). Axial and circumferential oriented adventitia, media and intact specimens (total=73)
were prepared from 6 arteries. The ultimate strength in uniaxial tension was taken as the peak stress
recorded when the specimen showed the first evidence of failure and the extensibility was taken as
the stretch ratio at failure. The mean adventitia strength values calculated using the 15t Piola-Kirchoff
stress were 1996+867kPa and 1802+703kPa in the axial and circumferential directions respectively,
while the corresponding values for the media sections were 519+270kPa and 1230+533kPa. The
intact specimens showed ultimate strengths similar to media in circumferential direction but were
twice as strong as the media in the axial direction. Results also indicated that adventitia, media and
intact specimens exhibited similar extensibility at failure, in both the axial and circumferential
directions (stretch ratio 1.50 +/—0.22). These measurements of the material strength limits for human
atherosclerotic carotid arteries could be useful in improving computational models that assess plaque
vulnerability.
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1. Introduction

Atherosclerosis is the most common disease of the arterial wall. The abrupt closure of an artery
by an occlusive thrombus is the main cause of myocardial infarction and other thrombotic
consequences of atherosclerosis. The thrombosis is often associated with rupture of fibrous
cap covering alarge lipid-rich necrotic core (Rekhter etal., 1998; Cullenetal., 2003). Histology
has shown that most rupture sites are also sites of increased mechanical stress (Cullen et al.,
2003; Lietal., 2006). It has been widely accepted that atherosclerosis leads to locally increased
stresses in the region of lesions. However, validation of this hypothesis has been impeded by
a lack of experimental data on ultimate strength (i.e. the maximum value of stress at failure)
of atherosclerotic tissues. Knowledge of ultimate strength of human atherosclerotic tissues is
essential for understanding plaque rupture mechanisms and assessing the risk of possible
ruptures (Tang et al., 2005). It is also of great importance in predicting the outcome of
interventional treatments such as balloon angioplasty (Holzapfel et al., 2002).

Available experimental data for the ultimate strength of human atherosclerotic arteries is very
limited. Most research efforts have focused on quantifying the stress-strain relationship of
atherosclerotic tissues over physiological loading ranges. Lee (1991) and Loree (1994) et al.
performed dynamic and static tensile tests on plaque caps from abdominal and thoracic aortas.
These results indicated that stiffness of cap increased with loading frequency, calcified cap
was stiffest and the circumferential tangential modulus at 25kPa did not depend on the cap
type. Lendon et al. (1991, 1993) showed that the weaker plaque caps appear to be associated
with increased macrophage activity. Holzapfel et al. (2004) investigated layer- and direction-
dependent ultimate tensile stress and stretch ratio of human atherosclerotic iliac arteries.
Anisotropic and highly nonlinear tissue properties were observed as well as interspecimen
differences. The adventitia demonstrated the highest strength and fibrous cap in circumferential
direction showed low fracture stress. Using in vivo medical screening approaches, Nagaraj et
al., (2005) observed stiffening elastic modulus with lesion progression in porcine carotid artery.
Using noninvasive echotracking system, Paini et al. (2007) found plaque region in human
carotid artery was associated with larger bending and stiffer material properties. Walraevens
et al. (2008) used uniaxial unconfined compression tests to distinguish the mechanical
properties of healthy tissue from calcified tissue in aorta. More recently, Ebenstein et al.,
(2008) used nanoindentation to measure the mechanical properties of blood clots, fibrous
tissue, partially calcified fibrous tissue and bulk calcifications of human atherosclerotic plaque
tissue. The results demonstrated that the stiffness of plaque tissue largely depends on the
mineral content. Most of these previous studies focused on the fibrous cap and are based on
tests in one direction. It is well known that atherosclerotic plaques also have fiber-oriented
multi-layered structures. Different layers display different direction-dependent mechanical
behaviors (Holzapfel et al., 2000 and 2004). Layer- and direction-dependent experimental data
are crucial for realistic computational models and accurate stress-strain predictions (Holzapfel
et al., 2002).

Accurate knowledge of ultimate strength of arteries will provide the mechanical loading
threshold for plaque vulnerability assessment based on computational stress/strain predictions
(Cheng et al., 1993; Li et al., 2006). While image-based computational models are capable of
representing the mechanical loading in the plaque (Tang et al., 2005; Yang et al., 2007), it is
hard to assess the risk of plaque rupture without knowing the local material strength of the
blood vessel. In this paper, we will quantify the ultimate strength of human atherosclerotic
carotid arteries by direct mechanical testing.
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2. Methods

Three pairs of human carotid arteries were tested (69.3+17.7yr; one female and two males).
Carotid arteries were obtained from the Department of Pathology, Washington University
School of Medicine. Specimens were obtained and de-identified under the auspices of a
Washington University Institutional Review Board Protocol. Each pair of arteries was obtained
at autopsy and fresh frozen in PBS. On the day of testing, each sample was thawed at room
temperature and dissected. In order to investigate the layer- and direction-specific strength
behaviors, four circumferential and axial strips were cut from intact atherosclerotic arteries
and then the adventitia and media layers were separated. The adventitia and media could be
easily identified visually. The media was a darker yellow than the adventitia (Fig.1). It was not
difficult to identify and separate the two layers. A cut was made at one end of the strip, and
then the two layers were teased apart with fine tweezers. Any specimen that appeared to sustain
damage was discarded. The intima resided on the inner surface of the media specimens. A
series of circumferential rings (Fig.2A) and axial strips (Fig.2B) were dissected from each
artery. Only sections with type Il and 111 lesions (Cai et al., 2002) were selected for testing.
That is, only sections with fatty streak or preatheroma with extracellular lipid pools were used
and those with large lipid pool and calcification were avoided when creating the test specimens.
Radial cuts were made on the arterial rings to create the uniaxial circumferential specimens
(Fig.2C). Strips for layer-specific test were further dissected to create media and adventitia
specimens (Fig.2D&E). The dimensions, including width and thickness, were measured using
vernier caliper (0.1mm in precision) at three equally spaced locations along the specimen. .
The average value was used for further calculation of the stress. Circumferential arterial
sections were typically 2 mm wide and 9-10 mm in length. Axial specimens were typically 2
mm wide and 15 mm long. The thicknesses of media, adventitia and intact strips were 0.61
+0.21mm, 0.60+0.19mm and 1.24+0.30mm, respectively Super glue was used to attach pieces
of sandpaper to the specimen. The distance between the closer edges of the two pieces of
sandpaper was measured as the initial length of the tissue strip. The tissue specimen was then
mounted on a customized uniaxial test frame (Inspec 2200, Instron Corp., Norwood, MA, USA)
that had been modified to operate under the control of software developed using LabVIEW
(National Instruments Corporation, USA). The sample was carefully positioned so that the
edges of clamps and the sandpaper coincided. The current length of the specimen was computed
by adding the initial length of the specimen and the displacement of the jaw during the test. A
load cell measured the load and clamp to clamp displacement was used to calculate the stretch
ratio. Based upon preliminary tests, adventitia specimens were preconditioned by loading twice
to a stretch ratio of 1.1, while intact (full thickness) and circumferential specimens were
preconditioned by loading twice to a stretch ratio of 1.05. After preconditioning, each specimen
was loaded at 0.1mm/s until rupture occurred (Fig. 3). Force and displacement data were
recorded at a sampling rate of 10/s. The first Piola-Kirchhoff stress and stretch ratio data were
calculated using the initial measured dimensions of the specimen. The tissue surface was
maintained in a moist condition by spraying with PBS.

Each artery yielded 12+1 specimens, 2 in each of the following categories: axial adventitia
(AA), axial media (AM), circumferential adventitia (CA), circumferential media (CM), axial
intact (Al) and circumferential intact (Cl). In total, seventy-three (73) specimens from 6 human
carotid arteries were tested. A t-test (P<0.05) was used to determine if there was a significant
difference between the strength of the 6 types of specimens.

Tissue ultimate strength can be captured by the sudden drop of the stress-stretch curve (Fig.
4). The recorded data set for each specimen consisted of about 1000 stress-stretch data points.
To minimize the possible effect of signal noise, the ultimate strength value for each specimen
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was determined by averaging 5 data points centered at the peak stress value and the
corresponding value of stretch ratio was taken as the extensibility.

3.1 Ultimate Strength

Fig. 5 plots ultimate stress data from all 73 specimens. Mean values for the six groups (AA,
CA, AM, CM, Al and CI) are summarized in Table 1. The most significant finding was that
mean ultimate strength of media in axial direction had the lowest ultimate strength (520kPa)
and was significantly lower than that from the other five groups (P<0.001). Mean ultimate
strength values for adventitia were 1996+867kPa for AA (axial direction) and 1802+703kPa
for CA (circumferential direction) respectively and were not significantly different (P=0.552).
Mean ultimate strength for media in the axial (519+270kPa) or in the circumferential (1230
+533kPa) direction was significantly lower than that of adventitia in both directions. The
ultimate strength of axial intact specimens (Al) (1047+536kPa) was similar to the strength of
the circumferential intact specimens (CI) (1022+427kPa), p=0.899. The intact specimens in
both directions showed significantly lower strength than the adventitia and had similar rupture
strengths to the media in circumferential direction.

3.2 Extensibility

Stretch ratios at failure for all 73 specimens are plotted in Fig. 6. Mean values for the six groups
are given in Table 1. The mean stretch ratio at failure for all 72 human carotid specimens was
1.50+0.22. Except for the fact that extensibility of AM was significantly lower than CA
(P=0.025), no significant difference was found between any other two groups. Adventitia
showed relatively larger mean extensibility, which was 1.54+0.23 for axial and 1.57+0.22 for
circumferential, respectively. Media specimens had lower extensibility (AM: 1.40+0.18; CM:
1.47+0.25).

4. Discussion

4.1 Ultimate Strength of Human Atherosclerotic Carotid Arteries

The ultimate strength of atherosclerotic tissues in human carotid artery was layer- and
direction-dependent. The adventitia was much stronger than the media. The same phenomenon
was observed by Holzapfel et al. (2004) in human atherosclerotic iliac artery. The media in
axial direction had the lowest rupture stress. For the extensibility, except for the pair of CA vs.
AM, no significant difference was found between any other two groups. The media had
relatively lower extensibility (Table 1). This conclusion could be confirmed by the rupture
behavior of intact specimens. When the failure test was performed with intact specimens, eight
(8) of 25 specimens were observed where the initial rupture occurred in the media (4 in axial
tests and 4 in circumferential tests; Fig. 3A&B). The initial rupture was reflected by a small
sudden drop in stress as shown in Fig.7. Initial rupture was never observed in the adventitia.
After the media broke, the adventitia undertook the further loading until it failed (the final
sudden drop in stress in Fig.7). It should be emphasized that in these cases the ultimate strength
of intact specimen was taken from the peak value at the first evidence of failure (i.e. the value
associated with the failure of the media).

The experimental data also demonstrated that human atherosclerotic human carotid tissues
with Type Il and 111 lesions display nonlinear material properties (Fig.4&7). At the beginning
of the stretch, stress increased slowly with stretch. After stretch ratio exceeded 1.3, stress
increased more rapidly. At a stretch ratio of approximately 1.5, the stress exceeded material
strength limit and disruption occurred.

The ultimate strength and stretch ratio from samples from the 6 arteries displayed considerable
variations. These variations result from individual differences between the properties of each
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of the arteries as well as variations in the measured properties from specimens from the same
artery. Our results indicated that minimum ultimate stretch ratio of AA was 1.18 and the
maximum was 1.84. Minimum ultimate stress of AA was 482 kPa, while the maximum reached
nearly 3000 kPa (2997kPa). The lowest ultimate strength of CM was about 150 kPa. Such low
strength limit could easily be exceeded under physiological load conditions.

4.2 Use of Ultimate Strength and Extensibility in Plague Vulnerability Assessment

Plaque rupture is widely thought as the result of failure of fibrous cap (Fuster et al., 1998; Li
etal., 2006; Tang et al., 2009). Ideally, ultimate strength and extensibility of all tissue types in
the plaque, especially fibrous caps over large lipid cores, should be tested and quantified to
provide a complete reference data base for plague mechanical analysis and vulnerability
assessment. However, direct test of ultimate strength of fibrous cap was beyond the scope of
this study due to limitation of our test equipment and availability of plague samples. From
material point of view, failure of any component of arterial tissue including media and
adventitia will result in a higher risk of rupture. Thus values of ultimate strength, particularly,
of media, can still serve as a useful reference point in plague vulnerability assessment.

Current plaque vulnerability assessment is mainly based on morphological data obtained
medical imaging technologies, such as CT and MRI. However, plaque rupture represents a
mechanical failure which occurs when the extra loadings on fibrous cap (and other possible
vulnerable sites) due to blood pressure, flow and heart motion exceed the material strength
(Yangetal., 2008). Complete plague mechanical analysis combining material ultimate strength
information, stress/strain predictions from computational models and plague morphology from
medical images will lead to better accuracy in assessing plaque vulnerability (Tang et al.,
2005 and 2006).

4.3 Limitations of this study

Results from this study showed little difference in stretch ratio at failure for the media,
adventitia and intact vessels. However, the difficulty in establishing the initial length at zero
load for nonlinear soft tissues is well known and our recorded values for stretch ratios may be
affected slightly by this fact for some cases. Although the grips were coated with rubber, several
specimens (270f 73) broke at or near one of the grips, most likely due to stress concentrations.
In these cases it is likely that the ultimate strength was underestimated.

Dividing the atherosclerotic carotid artery as media and adventitia over-simplified the
complexity of the structure of the artery. The intima resided on the inner surface of the media
specimens. To provide a more accurate and more general data base for modeling use in plaque
assessment, determination of the material properties and ultimate strength of all component
tissue types (especially fibrous cap) will be required. The mean ultimate strength of adventitia
was about 280% and 50% higher than that of media in axial and circumferential directions,
respectively. The mean ultimate strength of media in the axial direction (520kPa) could be
considered as a reference threshold value for plaque vulnerability assessment schemes. While
uniaxial tests gave insight into the presence of anisotropic material behavior, biaxial testing
would be required to fully describe plaque tissue anisotropic behaviors. Testing using more
samples and specimens of all plaque component tissues (especially fibrous cap with indication
of rupture) is needed to provide more in-depth direct knowledge in understanding the ultimate
material strength of human atherosclerotic carotid arteries.
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Adventitia
' , ’ ’ Adventitia

Figure 1.
Specimen showing visual distinction between adventitia and media layers. A: the specimen
before separation; B: separated adventitia and media strips.
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Figure 2.

Sample strips for material testing. A: arterial rings with small extracellular lipid pools; B: axial
strips with fatty streaks; C: open-up sectors after radial cuts were made in the rings in (A); D:
separated layers, adventitia (sectors with relatively round shape) and media (sectors with more
irregular shape) of the open-up sectors; E: separated layers, adventitia (thicker strip) and media
(thinner strips) of axial strips. Each small grid is Imm width.
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Adventitia

Figure 3.

Photograph of a full thickness (intact) specimen that initially failed in the media. A: initial
failure in the media part; B: final rupture occurred in the adventitia. Figure 6 shows a typical
stress-stretch ration plot for this type of behavior.
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Figure 4.
Stress (the first Piola-Kirchhoff stress)-stretch ratio plot for an axial media (AM) specimen.
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Comparison of direction- and layer-specific ultimate strength of atherosclerotic tissue from
human carotid artery. AA: Axial adventitia; AM: Axial media; CA: Circumferential adventitia;
CM: Circumferential media; Al: Axial intact; CI: Circumferential intact. Number of specimens

for each group is given in Table 1.

J Biomech. Author manuscript; available in PMC 2010 November 13.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Teng et al.

Page 13

2.5
2_
A o
: : o
A
-%15_ g E A 8 ¥
: = & § 8
5 § 8 :
g 1 -
n
0.5 A o AA OAM ACA
XCM OAI + ClI
0

Six groups of specimens

Figure 6.

The comparison of direction- and layer-specific ultimate extensibility of atherosclerotic tissue
from human carotid artery (AA: Axial adventitia; AM: Axial media; CA: Circumferential
adventitia; CM: Circumferential media; Al: Axial intact; Cl: Circumferential intact. Number
of specimens for each group is given in Table 1.
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Figure 7.
The failure behavior of full thickness specimen with an initial failure in the media. The ultimate
strength is taken as the stress at which the media fails.
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