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ABSTRACT

EFFECT OF NICOTINE EXPOSURE ON FATIGUE MECHANICS
OF MURINE ARTERIES

by Elizabeth Ho

Nicotine is an addictive substance found in electronic cigarettes (e-cigarettes) and
cigarettes, and the use of such products has growing concern because of the prevalent use
by young adults. Nicotine exposure degrades arterial tissue and results in increased
arterial stiffness, which is linked to cardiovascular events, such as stroke and myocardial
infarction. The hypothesis of this research is that fatigue loading reveals changes to the
mechanical behavior of nicotine-treated arteries that is more informatively discriminating
than stiffness alone. Ten murine arteries, five untreated and five nicotine-treated, were
subjected to cyclic fatigue loading in an open-circumferential configuration by a custom
tensometer with a motorized actuator and inline load cell. The specimens were subjected
to an alternating strain of £50%, superimposed on a mean strain of 150%. A power law
was fit to the experimental data to extract parameters indicative of peak stress, loss of
tension, degradation slope, and oscillation band. Compared to untreated specimens,
nicotine-treated specimens exhibited a 108% higher peak stress, 118% greater loss of
tension, and 107% larger width of the oscillation band. The tension loss and oscillation
band width provided additional discriminating evidence of different mechanical behavior,
supporting the hypothesis that fatigue testing can reveal distinctions in mechanical

behavior that are not evident in static testing alone.
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1. INTRODUCTION
1.1 Background

The study of arterial mechanics has been of interest in attempts to predict the onset of
hypertension, aneurysms, or other cardiovascular diseases. In the human body, the aorta
is the main vessel that continuously receives blood from the heart and supplies blood to
the entire systemic cardiovascular system. This means that the aorta must exhibit an
elastic behavior that will expand to comply to the stress exerted by the surge of blood
flow from the left ventricle and then recoil to push the blood through the body, otherwise
referenced as the Windkessel function [1]. Throughout a human lifetime, arteries
experience cyclic loading of blood as the heart pumps, exerting cyclic circumferential
stress on the vessel walls. As additional stresses and external factors are exerted on the
artery, the stiffness of the arterial wall increases. An ingredient that is linked to aortic
stiffening is nicotine, an addictive substance found in products such as cigarettes or
e-cigarettes. Nicotine exposure has been shown to increase the degradation of elastin,
reducing the elasticity of and increasing the stiffness of arteries.

Increased stiffness and decreased distensibility of the artery are commonly found to
influence the onset of cardiovascular events, such as stroke, hypertension, or myocardial
infarction [2]. Arterial wall remodeling occurs under changes in loading, which impacts
the stiffness and compliance of the artery. Arteries with increased stiffness are associated
with a lack of damping properties and correlate with the formation of abdominal aortic

aneurysms [1]. Hemodynamic forces, such as wall shear stress (WSS) and relative wall
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strain (RWS), play a factor in the formation of aneurysms. Enlarged blood vessel
diameter is commonly known to detect the risk of aneurysm rupture. However, another
factor that increases the likelihood of rupture is the increasing ratio of wall stress to wall
strength of the aneurysm, or when the wall stress exceeds wall strength [3]. Thus, the
understanding of both the mechanical properties and the microstructure of the arterial
wall are helpful tools to predict the consequences of factors that are associated with the
elevated risk of cardiovascular diseases.

The arterial wall is made up of three layers, intima, media, and adventitia. The intima
does not contribute to the mechanical behavior of the artery, so the media and adventitia
layers are the most relevant layers for tensile testing, as they contain the load-bearing
components elastin and collagen [4], [5]. Arteries are considered anisotropic, so the loads
applied at orthogonal directions produce different stress results from each other. This
behavior is attributed to arteries containing both collagen and elastin fibers oriented in
different directions in the media and the adventitia layers. Under mechanical
deformation, the collagen and elastin networks reorient themselves in different directions
based on the direction of pull.

The internal elastin and collagen fiber network of the arterial wall can be imaged
using a multiphoton microscope. Multiphoton microscopy uses nonlinear interactions to
generate high contrast images. Images of collagen and elastin are captured by the
detection of second harmonic generation (SHG) and two-photon excited fluorescence

(2PEF) signals, respectively. SHG signals are detected due to collagen, whereas 2PEF
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signals are detected due to elastin [6]. SHG images, which are green color-coded, and
2PEF images, which are red color-coded, can be captured with excitation wavelengths
and band-pass emission filters. One advantage of using multiphoton microscopy is that
biological tissues can be imaged without fixing the specimens and without the use of
contrast agents [6].
1.2 Hypothesis

The hypothesis of this investigation is that fatigue loading reveals changes in the
mechanical behavior of nicotine-treated arteries that would not be detectable under static
loading.
1.3 Significance

E-cigarettes have become a popular outlet for adolescents. Studies show that the rate
of e-cigarette use increased in high school students from 1.5%, or 220,000 students, in
2011 to 20.8%, or 3.1 million students, in 2018 [7]. Adolescent exposure to e-cigarettes is
linked to cigarette use as an adult. The main addictive substance in e-cigarettes and
cigarettes is nicotine, which has been shown to increase levels of aortic stiffness with
exposure. The exposure of arteries to the nicotine substance alters the integrity of the
arterial wall by promoting excess release of proteinases, degrading elastin networks.

The significance of the research is to model the profile of arteries and compare
fatigue parameters extracted from the model for untreated and nicotine-treated
specimens, and to compare morphometric parameters extracted from elastin based

multiphoton microscopy images for untreated and nicotine-treated specimens.
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Additional significance of this research is captured in the methodology, in which
cyclic fatigue testing of arteries is performed in an open-circumferential configuration.
While test methods that keep the vessel intact are commonly used, such as pressure
myography, leakage may occur through small side branches and leakage may also be

exacerbated with the testing of specimens at supraphysiological conditions [8].
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2. RELATED WORK

2.1 Artery Behavior
2.1.1 Preconditioning Behavior

Fung et al. [9] developed a pseudo strain energy function that approximates the
behavior of the artery when subjected to internal pressure and axial stretching. Pressure
dilation testing was performed on rabbit arteries to develop the model. It was found that
arteries exhibit hysteresis under cyclic loading, indicating that arteries are inelastic
materials. Artery specimens can be modeled by assuming their composition is made up of
two materials, where each material represents the loading and unloading curve in a
hysteresis plot. It was found that during cyclic loading, the stress-strain relationship of an
artery is more defined after preconditioning cycles have been implemented [9]. Holzapfel
et al. [4] subjected circumferential strips of media of the human carotid aorta to uniaxial
cyclic loading and unloading, and observed stress softening behaviors. Arteries are
claimed to be preconditioned when the amount of stress softening has been limited and
when they display a nearly repeatable behavior during loading and unloading. Lally et al.
[10] found no change in the behavior of porcine arteries after five preconditioning cycles
under uniaxial and equibiaxial tension testing. Preconditioning cycles are important to
perform on specimens prior to subsequent testing in order to remove any deformation
history [11]. De Gelidi et al. [12] studied the role of preconditioning on the
characterization of hyperelastic materials and concluded that stress-strain relationships

displayed statistical significance when preconditioning was performed versus when


https://paperpile.com/c/fq0Znb/stKy
https://paperpile.com/c/fq0Znb/stKy
https://paperpile.com/c/fq0Znb/IIes
https://paperpile.com/c/fq0Znb/P778
https://paperpile.com/c/fq0Znb/06E0
https://paperpile.com/c/fq0Znb/eFvX

preconditioning was neglected. Rates of pull for preconditioning vary among studies, but
tissue subjected to repeated cycling becomes insensitive to the strain rate [13]. Zhang et
al. [14] also concluded that linear viscoelastic biomaterials and other typical biological
soft tissues can be characterized to show rate-insensitive hysteretic behavior.

2.1.2 Stress to Stretch Behavior

The mechanics of arteries allow greater stretch in the circumferential direction versus
the axial direction. Ramachandra et al. [15] performed biaxial testing on pulmonary
murine arteries with a series of tests. These tests included six cycles of preconditioning,
two cycles of pressure-diameter tests at various axial stretches, and two cycles of
force-stretch tests at various pressure levels. It was observed that the maximum stretch
ratio in the axial direction was limited to 1.6, while the stretch ratio in the circumferential
direction was limited to 2.0. Labrosse et al. [16] performed pressurization tests from 0
kPa to 21 kPa on human aortas, and found that the aortas recorded a mean circumferential
stretch ratio of 1.25 and a mean axial stretch ratio of 1.13 at a pressure of 13.3 kPa.

In the artery, elastin contributes to elastic properties, while collagen contributes to the
stiffness properties. Weisbecker et al. [8] performed uniaxial extension tests on
circumferentially and axially aligned collagenase-treated and elastase-treated media
specimens of the human aorta. Collagenase breaks down collagen fibers, while elastase
breaks down elastin fibers of the artery. Collagenase-treated and elastase-treated
specimens were subjected to stretch values at physiological and supraphysiological

ranges. Collagenase-treated specimens did not exhibit continuous or discontinuous
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softening, while elastase-treated specimens exhibited both continuous and discontinuous
softening. Dobrin et al. [17] studied the radial elastic properties in arteries treated with
elastase and collagenase. Specimens treated with collagenase did not alter the
compressive stress of the arterial wall, while specimens with elastase resulted in a
decrease in radial compressive stress, indicating that elastin does contribute to the
resistance properties of the artery. Distensibility, describes the elastic properties of
arteries and is defined as "the relative change in volume per unit of pressure
([AV/V]/AP)" [18]. Decreased distensibility is correlated with influence the onset of
cardiovascular events [2].

Exhibiting an anisotropic mechanical behavior, biaxial testing of arteries helps to
distinguish the differences of mechanical properties in the axial and circumferential
directions. A stress-to-stretch ratio curve of an artery exhibits three distinct regions. The
first region shows that the artery exhibits high extension with low stress. With collagen
exhibiting greater stiffness than elastin, elastin will take up loads at lower pressures due
to having greater deformability than collagen [19]. The second region is a linear region,
indicating recruitment and straightening of the collagen fibers, adding stiffness to the
tissue. The third region indicates the onset of plasticity, where all collagen fibers have
been recruited and straightened [10]. In the extracellular matrix (ECM), load bearing
components are made up of medial elastin, medial collagen, and adventitia collagen.

While adventitia collagen does not get recruited until after 20% strain, medial collagen is
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continuously being recruited. Medial elastin straightens at lower strains, but loading of
elastin plateaus at 20% strain as adventitia collagen begins to take on the load [5].
2.1.3 Fiber Orientation

The anisotropic behavior of arteries is found to be a result of different fiber
orientations across layers of the arterial wall. During mechanical loading, collagen and
elastin within the layers of the arterial wall reorient in different directions.

Yu et al. [20] performed equi-biaxial and non-equi-biaxial testing on thoracic porcine
arteries and analyzed images of the arterial wall, specifically the layers of the media,
under multiphoton microscopy. It was observed that elastin fibers are uniformly aligned
in the inner media, circumferentially aligned in the middle media, and axially aligned in
the outer media. Krasny et al. [21] performed uniaxial loading on rabbit carotid arteries
along the circumferential axis, axial axis, and along an axis 45° with respect to the axial
axis. Under uniaxial loads, the collagen and elastin networks rearranged themselves in
their own way differently across arterial wall layers. Media collagen, media elastin, and
adventitia elastin did not fully align towards the direction of pull, but adventitia collagen
fully oriented itself to align to the loading directions. Media elastin underwent minimal
changes under the various loading conditions, whereas the adventitia elastin reoriented
under axial load, but remained a fibrous network under circumferential load [21].
Another study performed by Krasny et al. [11] showed that under two different loading

scenarios, collagen fibers reoriented towards the strain direction while subjected to
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tension in the axial direction with constant pressure, and the orientation of collagen fibers
remained unchanged while subjected to pressure inflation with constant axial stretch.
2.1.4 Constitutive Modeling

Many constitutive models have been proposed for the study of biological tissues and
each model should include constituents that make up the composition of the tissue. These
models should represent the response of biological tissue to mechanical loads [22]. Fung
et al. [9] proposed a pseudo strain energy function that estimated close approximation to
the internal pressure and axial stretching of rabbit arteries. The two dimensional
exponential model does not incorporate radial stresses into the pseudo strain energy
equation. Holzapfel et al. [4] developed a constitutive model which represented the artery
as a two-layer thick-walled tube because the media-intima and adventitia layers contain
different residual strains and stresses, which may have an effect on stress distributions
exerted on the arterial wall. Medial collagen, medial elastin, and adventitia collagen have
all been shown to play a load-bearing role in the ECM [5]. Wang et al. [23] proposed a
constitutive model that incorporates the three ECM constituents. Under mechanical
loading, medial collagen and medial elastin are immediately recruited, while adventitia
collagen recruitment is delayed. Because of this, Wang et al. [23] added a recruitment
function, proposed by Lanir et al. [24], to the model to represent the delayed adventitia
collagen.

The response of hyperelastic materials can be described by different models, such as

Mooney-Rivlin or neo-Hookean. Watton et al. [25] studied two different models that
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have been proposed to model elastin. These models include the neo-Hookean, and
another proposed by Zulliger et al. [26], which is similar to the neo-Hookean but includes
a larger exponent value. Both models were fitted to the data generated by uniaxial
extension of an elastinous sheet, as well as the inflation and extension of a cylindrical
elastinous tube. The model by Zulliger et al. [26] did not fit uniaxial extension data and
exhibited an increasing modulus. Thus, Watton et al. [25] concluded that, even with
limitations to the neo-Hookean model, the model accurately describes the mechanical
response of elastin.
2.1.5 Fatigue of Tissue

Arteries are typically tested under biaxial tension due to the anisotropic behavior of
the arteries. Fatigue testing of tissues is typically concerned with number of cycles to
failure, which is plotted on a S-N graph and fitted to a log-linear curve, where the
material parameters of the specimens are found from the slope [27]. Tensile fatigue
testing of biological tissue has mostly been performed to understand number of cycles to
failure, rather than the degradative process that precedes rupture. Hwang and Han et al.
[28] proposed a new mathematical model for fatigue modulus degradation of composites,
which modeled their experimental data much closer than the log-linear or power law
equations.

Washington et al. [29] studied the effects of oxidation and glycation on porcine
arteries when subjected to cyclic loading of 100k cycles in increments of 25k cycles.

Oxidation and glycation treatments are known to correlate with arterial stiffening. The

10
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data were fitted against the fatigue modulus model presented by Hwang and Han et al.
[28], the power law, and a linear model. The fatigue model was used to quantify the
damage to the elastin network. For both treatments, the fatigue modulus and power law
were not significant across number of cycles, but the linear model was found to be
significant. Limitations in this experiment were that the models may have behaved
differently depending on how elastin was isolated in the arteries and a longer cyclic
duration may have been required to see significant differences.

2.2 Multiphoton Imaging

Multiphoton imaging is used to image the microstructure of the arterial walls by
providing 3-D images (z-stack) and distinct color images without the need to fix or stain
the artery. SHG and 2PEF microscopy can be utilized to visualize collagen and elastin
fibers within the artery by exciting the signals to be detected. SHG signals are detected
due to the presence of collagen, while TPF signals are detected due to the presence of
elastin resulting in a green and red image, representing collagen and elastin, respectively
[30]. Many studies have indicated that the application of multiphoton microscopy is
highly promising to understand the microstructure of the arterial wall.

Stein et al. [31] developed an algorithm for the extraction of the fiber network from
3-dimensional (3-D) collagen confocal fluorescence images, which has shown the ability
to generate the network geometry of known architecture. Parameters that can be extracted
from the fiber network include fiber length, cross-link spacing, and persistence length.

Bredfeldst et al. [32] took the algorithm developed by Stein et al. [31] and evaluated the
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collagen fiber extraction on SHG images of breast cancer tissue with various
preprocessing filters. Bredfeldt et al. [32] determined that with a denoising filter based on
the 2-dimensional (2-D) curvelet transform prior to fiber network extraction, the
algorithm was able to extract more accurate fiber segmentations.

Analysis of collagen or elastin images is performed to understand the behavior of
fibers within the arterial wall. Koch et al. [33] created a custom MATLAB (The
MathWorks, Natick, MA, USA) script to quantify the microarchitecture of collagen and
elastin in the human aorta. Beginning with a representative input image of collagen or
elastin, each image underwent a series of MATLAB functions. The image was smoothed
through median filtering (medfi1t2), contrast-enhanced (adapthisteq), and then
saturated at 1% of the extremes (imadjust). Continuing with morphological functions,
such as dilating (imdilate) or eroding (imerode), prepared the image to undergo a
thinning function (bwmorph(*thin’)) to generate a 1-pixel skeleton of the fibers. The
software was able to analyze the skeleton of fibers and generate parameters, such as
intersections, diameter distribution, or segment length [33].

Another parameter that can be extracted from the artery is the waviness parameter,
which is defined as the ratio of the length of the straight line connecting the ends of the
fiber bundle, L, to the total length of fiber bundle, L, The smaller the waviness value, the
greater the waviness of the fiber [30], [34]. Rezakhaniha et al. [34] used a plug-in of the
imaging software, ImagelJ, called NeuronJ to manually trace the collagen fibers from end

to end, and measure the length of the fiber bundle used to calculate waviness, which was
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found to not correlate with the orientation of the fibers. Boulesteix et al. [30] studied the
successful capability of combining multiphoton microscopy with ex vivo mouse artery
rings by imaging collagen and elastin using an upright microscope and determining the
waviness of elastin through these images. Fiber tortuosity can be modeled as a sinusoidal
curve and be defined as the ratio of the length of the fiber to the length of the straight line
connecting the ends of the bundle, with an angle of 6 that describes the amplitude of the
curve [35].

Parameter extraction from microscopy images is performed in hopes to describe the
mechanics of the tissue. Wan et al. [22] extracted fiber distribution data from multiphoton
images across the adventitia. Two cases for material parameter extraction were
performed. For the first case, structural information was determined by a nonlinear
regression, while for the second case, fiber data were determined from multiphoton
images. The inclusion of measured structural data improved model predictions of the
tissue at a minor expense of the goodness-of-fit. Having known material parameters, the
measurement of the fiber data may be sufficient for describing the mechanical response
of the artery.

2.3 Effects of Nicotine

Cigarette smoking has been known to cause cardiovascular diseases, which indicates
that nicotine may play a large factor in the development of these diseases. The effects of
nicotine on arterial stiffening are studied in order to better understand the consequences

of nicotine-delivery products, such as cigarettes and e-cigarettes, on the body. An
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increased level of nicotine has been linked to aortic stiffening and increased elastase
activity [36]. Kool et al. [37] studied the short and long-term effects of smoking on the
arterial wall of habitual smokers and found that smoking causes short-term arterial
stiffening, but no significant long-term effects of smoking on the vessel wall. The
long-term effect concluded from the study was higher heart rate.

Matrix metalloproteinases (MMPs) are connective tissue proteinases that can be
found in the extracellular matrix. An increased amount of MMPs has been shown to be
associated with the degradation of the extracellular matrix, specifically elastin in the
aneurysm wall, and the onset of AAA formation [38]. Jacob-Ferreira et al. [39] studied
the effects of nicotine on smooth muscle cells from rat aortas and concluded that nicotine
exposure caused the release of MMPs by the smooth muscle cells and increased the
valcular MMP activity. Wagenhduser et al. [40] studied the effects of nicotine on arterial
stiffness on abdominal and thoracic murine arteries, after subjected to nicotine exposure
of 40 days. Stiffness increased in the abdominal segment and thoracic segment at 10 days
and 40 days, respectively. Mice that were exposed to nicotine showed elevated levels of
aortic stiffness as compared to the control group of mice infused with phosphate buffer
solution (PBS). Nicotine effects were found to be greater in the abdominal segment
because less elastin is found in the abdominal segment, as compared to the thoracic
segment. With the increase of MMP due to nicotine, the degradation of elastin occurs,

reducing the elastic properties and leading to the stiffening of the artery.
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3. THEORY
3.1 Stress Types
For tensile testing of soft biological tissues, the stress calculation must consider the
tissue elasticity in reference to the area. Nominal stress, or engineering stress, is defined
by Equation (1), where fis the resultant force on the cross-section and 4, is the area of

the original cross-section.

_f
Onom = A_() (1)

Cauchy stress, or true stress, is defined by Equation (2), where f'is the resultant force

on the cross-section and 4, is the area of the deformed cross-section.

_f
7= 2

The second Piola-Kirchhoff stress is defined by Equation (3), where o,,,, is the
nominal stress and 4 is the ratio of deformed specimen length to original specimen length

[41].

T2PK = (3)

3.2 Material Models

Strain-energy functions have been proposed to model the properties of hyperelastic
materials. The isotropic elastic properties of hyperelastic materials are modeled by
Equation (4), where W is strain-energy density, /,, /,, and /, are the invariants of two

Cauchy-Green deformation tensors.
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W = f(Iy, I3, I3) (4)

Invariants /,, I,, and /; are defined in Equations (5), (6), and (7), where 4,, 4,, and 4, are

extension ratios.

I = AT+ A3+ )3 (5)
I = X203+ A3 + A2\F (6)
I3 = NSN3 (7)

The Mooney-Rivlin model is shown in Equation (8).

WICm(Il —3)+001(I2_3) (8)

Reduction of the Mooney-Rivlin model results in the neo-Hookean model, shown in
Equation (9). While both Mooney-Rivlin and neo-Hookean are commonly used for
hyperelastic materials, Gundiah et al. [42] identified the neo-Hookean model as more

appropriate for arterial elastin.

W = ClO([l — 3) (9)

3.3 Fatigue Modeling

Fatigue failure in metals occurs when the maximum stress exerted, which is typically
lower than ultimate strength, is repeated many times. The fatigue strength of a material is
typically presented on an S-N diagram with S, as fatigue strength in Pa, plotted against N,
the number of cycles. Fatigue strength can be approximated by Equation (10), where a

and d are defined by points located at 10° and 10°.
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S;=aN*® (10)

Fluctuating stresses typically follow a sinusoidal pattern and include midrange, or
mean, stress, ¢, and amplitude, or alternating stress, g,. High cycle fatigue data, defined
as the data between 10° and 10°, can be correctly adjusted by taking the logarithmic
transform of Equation (10) [43].

Hwang and Han et al. [28] studied the fatigue of composites and their model
presented in Equation (11) was found to fit experimental data more closely than
log-linear or power law equations (e.g., Basquin's law), where 7 is the applied stress level,

N is the number of cycles, and b and ¢ are material parameters [28].

o=

N = [b(1 —7)]° (11)

3.4 Experimental Uncertainty

In equations, the errors found in the independent variables can propagate to result in
an overall error found in the dependent variable. Equation 12 displays the function used
to determine experimental uncertainty of stress for this study, where S is stress, / is

specimen length, and /4 is specimen thickness [44].

s s s
08 = \/(WW)Q + (G 00? + (5 0h)? (12)
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4. METHODOLOGY

The methodology section describes the experimental apparatus and the testing
protocols for experimentation. Multiphoton microscopy images were captured from
untreated and nicotine-treated murine arteries to visualize elastin and collagen in the
arterial wall. Fatigue parameters were extracted from data captured by performing
preconditioning, stress relaxation, and fatigue testing on an additional set of untreated and
nicotine-treated murine arteries.

4.1 Specimen Acquisition

Murine arteries from BL6/C57 male mice, aged 10-12 weeks, were provided by the
research group of Dr. Tsao at the Palo Alto Veterans Institute for Research (PAVIR).
Procedures used for animal care and tissue harvesting were approved by the Institutional
Animal Care and Use Committee (IACUC) for the Palo Alto Veterans Institute for
Research (PAVIR) at the VA Palo Alto Health Care System (VAPAHCS). Although no
single model has been shown to recreate human diseases, rat and mice models are shown
to be useful tools in the study of cardiovascular disease [45].

The first set of murine arteries contained ten artery specimens harvested from ten
mice to capture multiphoton images. Five murine specimens were treated with nicotine
through a subcutaneous osmotic mini-pump at a concentration of 25 mg/kg/day for a total

of 28 days, while the second set of five specimens were left untreated. The ten arteries
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used for multiphoton imaging were unstretched, or otherwise did not undergo fatigue
testing.

The second set contained ten artery specimens to capture fatigue parameter extraction
after undergoing three stages of testing - preconditioning, stress relaxation, and fatigue
testing. Five specimens were from mice treated with nicotine through a subcutaneous
osmotic mini-pump at a concentration of 25 mg/kg/day for a total of 28 days, while the
second set of five specimens were from untreated mice. For each specimen, the thoracic
portion of the aorta was fatigue-tested.

The specimens were chosen based upon availability. The arteries were cut along the
axial axis to achieve an open-circumferential configuration for imaging and fatigue
testing.

4.2 Experimental Apparatus

The microtensometer apparatus for this study used a 113 g load cell (OMEGA,
Norwalk, Connecticut, USA), a programmable motorized nanopositioner (MP-285, Sutter
Instrument, Novato, California, USA) and a 24-bit digital acquisition unit (Loadstar
DI-1000U, Loadstar, Fremont, California, USA).

A script was written for the nanopositioner prior to execution of testing protocols.
The data acquisition system (DAQ) and nanopositioner worked simultaneously to ensure
data points were recorded in real time.

The specimen was secured onto aluminum clamps and vertically loaded into a

stationary container filled with physiological fluid (Tyrode’s solution). The vertical
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configuration used for tensile testing specimens is similarly used by de Gelidi et al. [46]
and Washington et al. [29]. Once the specimen was vertically loaded, the load cell was

attached to the clamps using a spring loaded pin. The schematic is shown in Figure 1.

Loadcell
Spring-loaded pin

Attachment to container

% filled with Tyrode’s solution

Aluminum clamps

Specimen

Figure 1. Labeled schematic diagram of specimen set-up.

Each specimen was loaded in a pair of aluminum clamps that are each sized
approximately 25 mm x 13 mm, with top and bottom components as shown in Figure 2.
Placement of the artery at the flushed interface of the two clamps allowed for an initial
1.0 mm gauge length. These clamps were designed to have a step-down to ensure the

artery was securely fastened between the top and bottom components.
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9

Figure 2. Dimensional drawing of aluminum clamps used to secure the artery.
Measurements shown are in millimeters.

The load cell was placed in series with the test specimen, in a similar arrangement to
the configuration used by Eng et al. [47] for mechanical testing of soft materials, such as
alginate and agarose.. Accordingly, the measured force was based on equivalent stiffness

of the tested specimen £k, and the load cell £, in series, as shown in Equation (13).

_ ik 13
€q kl + ]{?2 ( )

4.3 Experimentation

In this work, fatigue is defined as the reduction in resistance to a prescribed extension
as the number of extension cycles increases. This definition applies to extensometric
testing. Alternatively but not in this work, fatigue can also be defined in terms of
tensometric testing, in which a specimen elongates to a greater extent under a prescribed
tensile force as the number of loading cycles increases.
4.3.1 Fatigue Testing Protocol

This protocol describes the strain-controlled fatigue testing of uniform gage

specimens, mimicking testing considerations as in the ASTM E606 standard [48]. Prior
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to mechanical testing, the thickness of each specimen was determined by placing the
specimen between two glass slides and using a digital micrometer (Mitutoyo 293-340)
with 1 pm resolution. To ensure consistent measurement, each specimen was saturated in
a physiological fluid (Tyrode's solution) and the fluid was retained around the specimen
by a boundary marked by a hydrophobic pen (ImmEdge H-4000, Vector Laboratories,
Inc. Burlingame, California, USA).

To account for clamp weight vertically in the physiological fluid, the position of the
upper grip was adjusted under microscope to offset the weight of the upper aluminum
clamp assembly to re-establish an initial gauge length of 1.0 mm. The gap between the
vertically-loaded opposing clamps was inspected under microscope and adjusted by no
more than 40 um to ensure that there was no metal-to-metal contact. Each specimen was
then placed between the clamps, shown in Figure 1. For consistent clamping, the screws
on the clamps were secured with 71 N-mm (10 in-0z) of torque.

Three stages of testing were conducted: (1) a slow series of five pre-loading and
unloading cycles, by applying a strain of 100% (actuator extension to 1000 um) at a rate
of 200 um/s, and returning to gauge length at the same speed; (2) one rapid step change
at a rate of 5000 pm/s to a strain of 100%, with a hold at constant strain for 30 s in order
to measure stress relaxation; and (3) 500 cycles of repetitive loading with a mean strain
of 150% and a superimposed alternating strain of £50% (i.e., actuator extension between
1000 pm and 2000 um). The actuator speed was set to 5000 pm/s for fatigue loading, but

actual speed was subjected to acceleration and deceleration at each reversal, such that the

22



typical time to complete 500 cycles was approximately 12 minutes. A similar protocol
was performed by Remache et al. [13], which included multiple tests, such as cyclic
tensile test, strain rate test, and stress relaxation tests.

Force measurements for the transient response during stress relaxation were recorded
at a sampling rate of 100 Hz. Force measurements for preconditioning and fatigue cycling
were recorded at a sampling rate of 10 Hz. The frequency rates ensure that even at
maximum speed of 5000 pm/s over a travel distance of 1000 pm, the Nyquist-Shannon
sampling criterion is satisfied. In other words, the sampling interval of 0.1 s is half of the
fastest possible (one-directional) actuation time of 0.2 s. In order to measure the width of
each sample, and to observe the extent of necking deformation during extension,
microscope camera images were captured throughout preconditioning and stress
relaxation with one image captured every 2 s, and fatigue testing with one image captured
every 10 s. These images also served the benefit of inspecting for defects such as artery
side-branch holes or local tears, if any.

The set of slow extension cycles provided initial nonlinear stiffness and a measure of
hysteresis, quantified as loss in strain energy. The stress relaxation stage of measurement
provided a measure of viscoelastic response in terms of a time constant. The fatigue
testing stage provided four characteristic parameters, as described in Section 4.4.

4.3.2 Multiphoton Microscopy Protocol
Multiphoton images of unstretched specimens were captured using an upright

microscope (Leica DM6000, Buffalo Grove, Illinois, USA). Specimens were placed on
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glass slides, and underwent water immersion microscopy. A z-stack was generated for
each artery with images sliced at every 2 um. Within the z-stack, elastin and collagen
fibers signals were captured by detection of 2PEF and SHG, respectively [6]. Each
specimen was imaged at two different locations.
4.4. Fatigue Model Fitting

Fatigue life of materials is typically represented by a log-linear plot, which graphs
stress-to-failure to number of cycles. Although the log-linear fits plot cycles to failure,
this study observed the fatigue profile during cyclic testing. The fatigue model used in
this study is adapted from the model presented by Hwang and Han et al. [28], which is a
fatigue model that determines the number of cycles to failure from normalized applied
stress level. Rearranging Equation (11) results in Equation (14), where 7 is the
normalized applied stress level, N is the number of cycles, and b and ¢ are material

parameters.

NC
b

r=1-—

(14)

The fatigue model that is used in this study outputs peak stress rather than normalized
applied stress level. Equation (14) was used to extract parameters b and ¢ for each fatigue
plot when the stresses were normalized to 1. To generate an equation that would model a
non-normalized fatigue plot, a parameter associated with the maximum stress needed to

be multiplied to Equation (14) to shift the value of 1 to the value of the maximum stress.
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Thus, the equation used to plot against the fatigue data is shown in Equation (15), where

S is the stress; N is the number of cycles; and 4, B, and C are material parameters.
S =A— BN¢ (15)

A fourth parameter, D, describes the width of the fatigue data, or the difference between
the maximum and minimum stresses as the data reached a plateau. Parameters 4, B, and
C were found using the cfiool function in MATLAB. Parameter D was calculated at
approximately 400 cycles for all ten specimens.
4.5. Morphometric Parameter Extraction

In this protocol, elastin multiphoton images were extracted from each z-stack by
exporting .tif images from .lif files using LAS X software (Leica Microsystems, Buffalo
Grove, Illinois, USA) to be analyzed. Images of collagen were not extracted due to lack
of visibility of collagen fibers within the z-stack .lif file. However, the observation of
elastin fibers under exposure to nicotine does not lack merit. Studies have shown that
treatments of glycation and nicotine correlate with arterial stiffening [29], [40].
Additionally, it has been shown that glycation of elastin alters the structure of the elastin
network [49]. Elastin fibers are also associated with maintaining resistive properties and
are shown to degrade when exposed to nicotine [17], [36].

Red channels were adjusted to increase intensity in the .1if file so that the elastin can
be better visualized. The multiphoton images were converted to black and white images
with a custom script developed in MATLAB, equipped with the Image Processing

Toolbox. A series of MATLAB functions were executed on one image from two
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locations per specimen. The image was dictated by the depth at 50% of each z-stack to
average parametric values across the two .tif images for each untreated and unstretched
specimen, as well as each nicotine-treated and unstretched specimen.

The methodology to transform elastin images to skeletonized images followed closely
to the steps performed by Koch et al. [33]. Each image was selected using the dialog box
(uigetdir) and converted from a truecolor (RGB) image to a grayscale image
(rgb2gray). Once in grayscale, the image was subjected to 2-D median filtering
(medfilt?2), enhancement of the contrast using contrast-limited adaptive histogram
equalization (adapthisteq), and saturation of the bottom and top 1% of pixels
(imadjust). A global threshold from the image was computed (graythresh) and
multiplied by a factor of 1.35 to reduce the number of white pixels when converting to a
binary image (imbinarize). After converting the image to a black and white image, a
series of morphological operations were performed to prepare the image for
skeletonization. Isolated pixels were removed (bwmorph(‘clean’)), the image was
dilated (structuring element (SE) disk radius = 1, imdilate), and then eroded (SE disk
radius = 1, imerode). 8-connected pixels were eliminated (bwmorph(‘*diag’))to
improve the connectivity of pixels across the image. Pixels that formed objects smaller
than 15 pixels were removed (bwareaopen) and then the images were automatically
saved to a separate directory (imwrite).

For skeletonization and morphometric parameter extraction, binary images were

analyzed with the DiameterJ plug-in of the Fiji software suite [50]. Morphometric

26


https://paperpile.com/c/fq0Znb/fBTd
https://paperpile.com/c/fq0Znb/9PJJ

parameters mean diameter, standard deviation (SD) of diameter, characteristic length,
standard deviation of characteristic length, and intersection density were extracted and

compared for unstretched untreated and unstretched nicotine-treated specimens.
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5. RESULTS AND DISCUSSION

One major type of results in this thesis is the comparison of experimental fatigue data
of untreated and nicotine-treated artery specimens. Average strain energy density values
for the first loading of preconditioning testing were calculated, and power law parameters
were extracted for stress relaxation curves. Parameters for fatigue data were extracted
using a modified power law for each specimen. In addition, morphometric parameters of
elastin were extracted from multiphoton microscopy images and compared for
unstretched untreated and unstretched nicotine-treated specimens.
5.1 Untreated and Nicotine-Treated Fatigue Protocol Data

Section 5.1 presents the preconditioning data captured from the untreated and
nicotine-treated specimens. This section also includes the average strain energy density
across untreated and nicotine-treated specimens for the first initial loading.
5.1.1 Preconditioning

Preconditioning cycles for the untreated and nicotine-treated specimens are shown in

Figure 3 and Figure 4, respectively.
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Figure 3. Preconditioning plots for untreated murine arteries.
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Figure 4. Preconditioning plots for nicotine-treated murine arteries.

Preconditioning was performed prior to subsequent testing to reduce hysteresis and
deformation history of the specimen. The graphs present stresses as measured from the
load cell for the programmed strain. As the load cell and specimen represent springs in
series, a percentage of strain uncertainty due to the load cell deformation under 1.0 strain
is discussed in Section 5.3. The strain energy density from the first loading curves of each
cycle for the untreated and nicotine-treated specimens was calculated. Strain energy

density of the first loading cycles of untreated specimens averaged 30.1 kPa, while the
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strain energy density of the first loading cycles of nicotine treated specimens averaged
41.4 kPa.
5.1.2 Stress Relaxation

Stress relaxation plots were generated for the untreated thoracic specimens and are
shown in Figure 5. Stress relaxation plots were generated for the nicotine-treated thoracic

specimens and are shown in Figure 6.
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Figure 5. Stress relaxation plots for untreated thoracic arteries.
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Figure 6. Stress relaxation plots for nicotine-treated thoracic arteries.

Stress was normalized to peak stress and the plots were fitted with the power law
shown in Equation (16) using the MATLAB Curve Fitting Toolbox. For this fit, x
represents time in seconds, y represents normalized applied stress (e.g., kPa/kPa), b, is a
dimensionless exponent. For dimensional consistency, the scaling coefficient a,

necessarily has units of seconds to the power (1/5,).

y = a;z™ (16)
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The corresponding stress relaxation plots with fitted lines for five untreated thoracic

arteries are shown in Figure 7. The corresponding stress relaxation plots with fitted lines

for five nicotine-treated thoracic arteries are shown in Figure 8.
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Figure 7. Stress relaxation plots with fitted lines for untreated thoracic arteries.
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constants for nicotine-treated specimens are listed in Table 2.
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Power law constants for untreated specimens are listed in Table 1. Power law

Table 1. Power Law Constants for Untreated Specimens.

Specimen a, b,
Untreated Thoracic 1 0.935 -0.0140
Untreated Thoracic 2 0.957 -0.0125
Untreated Thoracic 3 0.962 -0.0099
Untreated Thoracic 4 0.963 -0.0105
Untreated Thoracic 5 0.955 -0.0147
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Table 2. Power Law Constants for Nicotine-Treated Specimens.

Specimen a, b,
Nicotine-Treated Thoracic 1 0.957 -0.0112
Nicotine-Treated Thoracic 2 0.954 -0.0162
Nicotine-Treated Thoracic 3 0.966 -0.0131
Nicotine-Treated Thoracic 4 0.967 -0.0115
Nicotine-Treated Thoracic 5 0.961 -0.0103

A t-test for the difference between two means was performed on parameters a,
and b, assuming unequal variances using an alpha value of a = 0.05. At this significance
level there was insufficient evidence to conclude a difference between the untreated and
nicotine-treated groups for parameter a, or parameter b,. During stress relaxation of the
specimen, as a constant strain of 1.0 was held, creep was identified due to the tension of
the load cell on the specimen.

5.1.3 Fatigue Data
Fatigue data for five untreated murine specimens are shown in Figure 9. Fatigue data

for five nicotine-treated murine specimens are shown in Figure 10.
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Figure 9. Fatigue data for untreated specimens.
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Figure 10. Fatigue data for nicotine-treated specimens.

Parameters 4, B, and C were extracted from Equation (15) using the curve fitting
toolbox in MATLAB, while parameter D was manually calculated. The fatigue
parameters are listed in Table 3 for untreated specimens and Table 4 for nicotine-treated

specimens.
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Table 3. Parameters 4, B, C, and D Extracted for Untreated Specimens.

Specimen A B C D
Untreated Thoracic 1 196 87.1 0.021 64.1
Untreated Thoracic 2 284 139 0.032 82.5
Untreated Thoracic 3 269 132 0.015 82.4
Untreated Thoracic 4 232 104 0.017 70.9
Untreated Thoracic 5 253 111 0.028 74.8

Table 4. Parameters 4, B, C, and D Extracted for Nicotine-Treated Specimens.

Specimen A B C D
Nicotine-Treated Thoracic 1 596 295 0.027 175
Nicotine-Treated Thoracic 2 457 212 0.023 145
Nicotine-Treated Thoracic 3 341 156 0.020 113
Nicotine-Treated Thoracic 4 665 333 0.034 192
Nicotine-Treated Thoracic 5 512 255 0.021 151

Fatigue parameters presented in this study are taken from the model shown in
Equation (15) and are plotted in Figure 11 to compare untreated and nicotine-treated

parameters.
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Figure 11. Scatter plots of parameters extracted from fatigue model for untreated and

nicotine-treated specimens.

The fatigue data were plotted with Equation (15) using the extracted parameters,

shown in Figure 12 for fatigue-tested untreated specimens and Figure 13 for

fatigue-tested treated specimens. Parameter D is not plotted as it is does not contribute to

the fitted line.
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Figure 13. Fatigue data with fitted lines for nicotine-treated thoracic arteries.

Parameters 4, B, C, and D can be described as the peak stress of the cyclic data, loss

of tension, degradation slope across cycle count, and width of oscillation band,

respectively. To better understand the effects of the parameter values, Figure 14 shows a

simulated fatigue output plot set to 300 cycles, while Figure 15 displays the effects to the

simulated fatigue output plot when each parameter is independently increased. The

effects of increasing parameters 4, B, C, and D are shown in Figure 15(a), 15(b), 15(c),

and 15(d), respectively.
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Figure 15. Effects on simulated model of fatigue after an increase in value of individual
parameters 4 (a), B (b), C (c), and D (d).

As parameter 4 increases, the amplitude of the entire plot increases. As parameter B
increases, the peak stress does not change, but the body of the fatigue data shifts

downward while maintaining similar slope to the original plot. As parameter C increases,
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the slope of the fatigue plot declines to a lower stress value as cycles increase. As
parameter D increases, the oscillation band increases in width. Table 3 displays the
average values of parameters 4, B, C, and D found for untreated and nicotine-treated
specimens, as well as the percent differences between the averages in reference to
untreated specimens.

Table 5. Average Values of Fatigue Parameters for Untreated and Nicotine-Treated

Specimens.
Average Fatigue Parameter Values
Specimen A B C D
Untreated 246.7 114.5 0.0226 74.93
Nicotine-Treated 514.3 250.2 0.0250 155.1
% Difference from Untreated| +108.46% +118.44% +10.44% +107.03%

Nicotine-treated specimens exhibited an 108.46% higher value of parameter 4,
118.44% higher value of parameter B, 10.44% higher value of parameter C, and 107.03%
higher value of parameter D. Static loading typically outputs a maximum stress value,
which is associated with parameter 4, whereas fatigue loading generates additional
parameters B, C, and D. Statistical t-tests assuming unequal variances were performed
between untreated and nicotine-treated parameters for each of the fatigue parameters.
With an alpha value of 0.05, significance was found between untreated and
nicotine-treated groups for parameters 4, B, and D. The difference in parameter 4 showed
significance with a p-value of 0.006, parameter B showed a significance with a p-value of
0.009, and parameter D showed significance with a p-value of 0.002. The average value
for parameter A for both untreated and nicotine-treated specimens align with previous

studies, which conclude that nicotine-treated specimens exhibit greater stiffness, or
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higher stress values, than untreated specimens [36], [37], [40]. However, fatigue loading
generates additional parameters that characterize the fatigue output plot, indicating that
fatigue testing may reveal changes to the mechanical behavior of murine arteries that is
undetectable under static loading. The fatigue data can be linearized to perform statistical
analysis in accordance to ASTM E739 [51].
5.2 Multiphoton Image Analysis

Leica LAS X software was used to analyze the z-stack images of each specimen
artery specimen allocated for multiphoton imaging. This protocol focuses on the
comparison of the structure of elastin of nicotine-treated and untreated. Sample images of

elastin extracted from the z-stacks of untreated specimens are shown in Figure 16.

0 pm 250 0 pm 250 0 um 250

0 pm 250 0 pm 250 0 pm 250

Figure 16. Multiphoton elastin images for unstretched untreated specimens.
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Sample images of elastin extracted from the z-stacks of nicotine-treated specimens

are shown in Figure 17.

0 um 250 0 um 250 0 um 250

Figure 17. Multiphoton elastin images for unstretched nicotine-treated specimens.

Binary images and skeletonized images were generated for each multiphoton image at
the 50% depth of the associated z-stack. Figure 18 shows the multiphoton input image,
binarized image, and skeletonized image for Unstretched Untreated Specimen 3, from
one location of the artery. Figure 19 shows the multiphoton input image, binarized image,
and skeletonized image for Unstretched Nicotine-Treated Specimen 5, from one location

of the artery.
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Figure 18. Multiphoton elastin image (left), binarized image (middle), and skeletonized
image (right) for Unstretched Untreated Specimen 3.

0 pm 250

Figure 19. Multiphoton elastin image (left), binarized image (middle), and skeletonized
image (right) for Unstretched Nicotine-Treated Specimen 5.

Morphometric parameters extracted from the skeletonized image were mean diameter
mean, standard deviation of diameter, characteristic length, standard deviation of
characteristic length, and intersection density, using the Diameter]J plug-in of Fiji. The
morphometric parameters of unstretched untreated and unstretched nicotine-treated

specimens were plotted, shown in Figure 20.
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Figure 20. Scatter plots of morphometric parameters extracted from multiphoton images
for unstretched untreated and unstretched nicotine-treated specimens.
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5.3 Experimental Uncertainty
Sources of experimental uncertainty are as summarized in Table 6. The nominal value
for force was based on the average maximum force of all specimens during actuation.

The nominal values for size dimensions were based on average measurements for all ten

specimens.
Table 6. Sources of Experimental Uncertainty.

Source Nominal Value [Uncertainty [Notes

Force 0127 N 10.005 N Av§rage maximum force recorded
during actuation

Specimen thickness 40.8 um + 5 um [Average thickness of specimens

Specimen length 9.24 mm + 0.5 mm Avergge length based on size of
aluminum clamps

Cycle time 1.8s +0.2s [Per cycle on normal run

Strain 1.0 +0.2 Strain recorded during stress relaxation

Using the nominal values of max force, thickness and length, the nominal value of
maximum stress was 336.9 kPa. Using Equation 12, the uncertainty of the specimen
thickness, the specimen length and maximum force recorded during actuation, the
amount of uncertainty for maximum stress applied to the specimen was + 47.04 kPa.

Based on photographs captured during stress relaxation, uncertainty of strain can
occur as much as 20% due to deflection of the load cell. Uncertainty measurements were
taken from stress relaxation images due to the static hold of the aluminum clamps, which

allowed for ease of measurements.
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6. CONCLUSIONS

Based on the results of this research, differences in fatigue parameters were apparent
between fatigue tested specimens, untreated and nicotine-treated. On average,
nicotine-treated specimens exhibited a higher parameter A4, or peak stress, by 108%;
higher parameter B, or loss of tension, by 118%; higher parameter C, or degradation
slope, by 10.4%; and a higher value of parameter D, or width of oscillation band, by
107%. The percentage differences of the fatigue parameters indicate that although
differences in peak stresses for both untreated and nicotine-treated specimens are
apparent, other characteristics of the mechanical behavior can also be quantified through
fatigue testing. Static testing distinguishes differences in peak stress, but does not provide
information in regards to parameters such as loss of tension, degradation slope, or width
of oscillation band, which supports the hypothesis that fatigue testing reveals arterial
characteristics not evident in static testing.

Morphological parameter extraction was performed to analyze the multiphoton
microscopy images of unstretched untreated and unstretched nicotine-treated specimens.
Images of elastin were converted to binary images in MATLAB, and subsequently,
skeletonized using the Fiji plug-in Diameter] to quantify parameters mean diameter,
standard deviation of diameter, characteristic length, standard deviation of characteristic
length, and intersection density. This was performed in hopes of understanding the
overall mapping of the elastin and potential damage the effect of nicotine has on the

fibers.
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APPENDIX B: RAW DATA OF FIT PARAMETERS

Fit parameters for untreated specimens, according to model explained in Section 4.4.

Specimen A B C D
1 196 87.1 0.021 64.1
2 284 139 0.032 82.5
Untreated
3 269 132 0.015 82.4
4 232 104 0.017 70.9
5 253 111 0.028 74.8

Fit parameters for nicotine-treated specimens, according to model explained in Section

4.4.
Specimen A B C D

1 596 295 0.027 175

Nicotine. 2 457 212 0.023 145
Treated 3 341 156 0.020 113
4 665 333 0.034 192

5 512 255 0.021 151
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