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Abstract

Avrterial stiffness has been shown to be a good indicator of the arterial wall diseases. However, a
single parameter is insufficient to describe the complex stress-strain relationship of a multi-
component, non-linear tissue such as the aorta. We therefore propose a new approach to measure
the stress-strain relationship locally in vivo and present a noninvasively, clinically relevant
parameter describing the mechanical interaction between aortic wall constituents. The slope
change of the circumferential stress-strain curve was hypothesized as a contribution of elastin and
collagen, which was noninvasively defined in the term of strain using only radial aortic wall

acceleration, i.e., transition strain (7). Two-spring parallel was employed as the
phenomenological model and three Young's moduli were accordingly evaluated, i.e.,
corresponding to the: elastic lamellae (E,), elastin-collagen fibers (E,) and collagen fibers (E3).
Our study performed on normal and Angiotensin Il (Angll)-treated mouse abdominal aortas using
aortic pressure from catheterization and local aortic wall diameters from a cross-correlation
technique on the radio frequency (RF) ultrasound signal at 30 MHz and frame rate of 8 kHz.
Using our technique, transition strain and three Young’s moduli in both normal and pathological
aortas were mapped in 2D. In the results, the slope change of the circumferential stress-strain
curve was first observed in vivo under physiologic conditions. The transition strain was identified
at the lower strain level in the Angll-treated case, i.e., 0.029+£0.006 of normal and 0.012+0.004 of
Angll-treated aortas. E;, E» and E3 were 69.7+18.6, 214.5+65.8 and 144.8+55.2 kPa for normal
aortas, respectively, and 222.1+114.8, 775.0£586.4 and 552.9+519.1 kPa for Angll-treated aortas,
respectively. This is because of the alteration of structures and content of the wall constituents, the
degradation of elastic lamella and collagen formation due to Angll treatment. While such values
illustrate the alteration of structure and content of the wall constituents related to Angll treatment,
limitations regarding physical assumptions (isotropic linear elastic) should be kept in mind. The
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transition strain, however, was shown to be an aortic pressure waveform independent parameter
that can be clinically relevant and noninvasively measured using ultrasound-based motion
estimation techniques. In conclusion, our novel methodology can assess the stress-strain
relationship of the aortic wall locally in vivo and quantify informative parameters which are
related to vascular disease.
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1. Introduction

Avrterial stiffness has been used as a predictive indicator of vascular disease [1, 2]. The
ability to identify cardiovascular abnormalities based on stiffness has been used in both
diagnosis and treatment planning [3]. Several arterial stiffness definitions have been
proposed based on in vivo measurements. They were derived from the radial pulsation of the
cardiac output at the end-systolic and end-diastolic phases, yielding, e.g., the compliance,
the pressure-strain elastic modulus (Ep), the stiffness index (B), etc. [4]. Although they all
represent the arterial stiffness in general, these moduli represent only a part of the
mechanical behavior, not the entire stress-strain relationship. The stress-strain relationship
includes more complete information on the wall including the effects of the different
constituents.

Previous studies have shown the influence of the aortic wall constituents on its stress-strain
relationship [5-10]. The change of the stress-strain slope, indicating the change of material
properties, was hypothesized as a result of the effect of the elastin and collagen in the aortic
wall [4, 11, 12]. The aortic wall expands in order to accommodate the increased blood
volume during the systolic phase [4, 13]. The elastic lamellae are dilated first due to their
relatively lower stiffness, thousand times lower than collagen [13, 14]. As the strain
increases, the vascular elastic modulus increases because the collagen fibers start engaging
in order to maintain the aortic wall shape. This modulus transition has previously been
reported [4-6]. This transition is, however, ignored when measuring the general arterial
stiffness. The contribution of the wall constituents can be rich in information for the
detection of vascular disease at its early stages, before the artery becomes severely
dysfunctional.

Several studies have been conducted using mechanical testing in vitro [4, 13-15]. It provides
sufficient information on the underlying mechanical properties such as loading and their
deformations in multiaxial directions, aortic wall constituents’ contents, fibers orientations,
etc [13]. However, as soon as the aortic segment is excised, its characteristics are changed
[16, 17].

The mechanical properties of the abdominal aorta in its physiological condition would
naturally best be evaluated in vivo [4]. To our knowledge, the transition from elastin to the
contribution of elastin-collagen fiber engagement on the stress-strain relationship has only
been reported in vivo under abnormal conditions, i.e., aortic occlusion or drug induction [5-
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7,18, 19]. Nonlinearity has not been reported, to our knowledge, under normal
physiological conditions in vivo. Previous studies have reported the elastic modulus as a
specific value at one site [2, 5-7, 20-23], i.e., without specifying the onset or the regions of
vascular disease. A local mechanical characterization of the aortic wall could aid medical
diagnosis by providing local, functional information on the wall constituents and its change
with disease progression.

Therefore, in this study, we focus on the regional, qualitative assessment of the aortic wall in
vivo obtained from the stress-strain behavior. In order to determine both the stress and strain
within the aortic wall, both the aortic pressure and aortic wall deformation need to be
obtained. There are several techniques for measuring aortic pressure and wall geometry
changes in vivo. To obtain the aortic pressure waveform, standard methods include
tonometry [13, 24, 25] and catheterization [4-6, 13, 26]. The latter method provides better
accuracy on the pressure profile than the former and can also be applied on deeper-seated
blood vessels.

A well-known imaging modality for the aortic wall geometry and motion detection is
ultrasound imaging [27, 28] due to its high temporal resolution. Our group recently proposed
the Pulse Wave Imaging (PWI) technique [29, 30] capable of noninvasively visualizing the
pulse-wave propagation using radio-frequency (RF) signals at a very high frame rate of 8
kHz in mice. The acquired RF frames were processed to yield the aortic wall motion using a
cross-correlation technique. The wall motion and thickness were then obtained across the
entire imaged aortic region. This noninvasive in vivo technique has been proven very
effective in pulse-wave-induced aortic wall displacement measurement.

In this paper, we propose to characterize the stress-strain relationship of the aortic wall
locally using catheterization for direct, aortic pressure measurement, and ultrasound-based
wall motion estimation in vivo [29, 30]. The murine abdominal aorta was considered
because of its simple geometry (Figure 1A) and its association with vascular diseases such
as atherosclerosis and aneurysm [30]. We also investigated the effect of the aortic wall
constituents on the stress-strain relationship upon administration of Angiotensin Il (Angll).
Angll infusion-based model has been widely used to increase blood pressure by causing
extracellular matrix degradation and vessel wall injury [31-33]. The stress-strain
relationship was therefore determined on normal and Angll-treated aortas. The experimental
procedure, parameter calculations and model description of the stress-strain relationship are
provided in the method section. Results of both normal and Angll-treated aortas are first
presented, followed by the discussion, including limitations of the methodology proposed
and conclusions.

2. Methods

We assumed that the aortic wall exhibited during systole Two separate groups of animals
were considered, i.e., five (n=5) normal mice (Group 1) and five (n=5) Angll-treated mice
(Group 2). The experimental procedure, parameter calculation and phenomenological model
of the aortic wall are described in separate sections below.
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2.1 Experimental procedure

Eleven wild-type C57BL/6 male mice (710 months old) were obtained from the Jackson
(Bar Harbor, ME) and Taconic (Germantown, NY) laboratories. One mouse was used for
pressure measurement, five for Group 1 and five for Group 2. All procedures were approved
by the Institutional Animal Care and Use Committee of Columbia University. Abdominal
hair was removed prior to imaging using hair removal lotion (Veet, Reckith Benckiser Inc.,
Toronto, ON, Canada). The mice were placed supine on a heated platform (THM2100, Indus
Instruments, Houston, TX, USA) to maintain a constant body temperature of approximately
37.0 °C.

A murine abdominal aorta was cannulated by an ultra-miniature pressure catheter (SciSense,
London, ON, Canada), and through the mouse's carotid artery and aortic arch, introduced
into the abdominal aortic region. The aortic pressure waveform was subsequently acquired.
The ECG was obtained using the electrode leads available on the heated mouse platform
(THM100, Indus, Instruments, Houston, TX). Both the aortic pressure and ECG signals
were acquired and stored using a two-channel 14-bit waveform digitizer (CompuScope
14200, Gage, Applied Technologies Inc., Lachine, QC, Canada) at the sampling frequency
of 10 kHz. The average heart rate (HR) was 235 bpm under isoflurane anesthesia. The same
aortic pressure waveform obtained from one mouse was employed as a first approximation
in this study.

For Group 1, five murine abdominal aortas were scanned by high-frequency ultrasound in
vivo. The ultrasound probe was placed on the murine abdomen using degassed ultrasound
gel (Aquasonic 100, Parker Laboratories Inc., Orange, Fairfield, NJ) as the coupling
medium. The high frame-rate data acquisition system previously developed was used in the
in vivo experiments [29, 30]. A 30-MHz ultrasound probe (RMV-707B, VisualSonics Inc.,
Toronto, ON, Canada) was placed on the murine abdomen. A longitudinal (long-axis) view
of the abdominal aorta was used so as to align the radial direction of the aorta with the axial
direction of the ultrasound beams. The field of view (FOV) was equal to 12x12 mm?, the
axial and lateral resolution were equal to 55 pm and 115 um, respectively. In the EKV
(ECG-based kilohertz visualization) mode provided by the imaging system (Vevo 770,
VisualSonics Inc., Toronto, ON, Canada), the single-element transducer operated on a line-
by-line basis. The ECG was obtained using the electrode leads available on the heating
mouse platform. The heart rate (HR) of the 5 mice were as follows (meantstd) 447.4+27.5
bpm (between 409-481 bpm) under isoflurane anesthesia. Each RF cine-loop acquisition
lasted approximately 7 min. After data acquisition, the acquired RF signals were gated
between two consecutive R-waves to reconstruct the image sequence for a complete cardiac
cycle at the extremely high frame rate of 8 kHz [34]. The incremental (i.e., between
consecutive RF frames), axial (i.e., along the direction of ultrasound propagation)
displacements, parallel to the radial direction of the abdominal aorta, were estimated off-line
using a 1-D normalized cross-correlation technique on the RF signals. The window size used
was equal to 240 um with a 90% overlap. The rigid aortic motion induced by respiration was
removed by subtracting the mation of the perivascular tissue from the motion of the aorta
[30].
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For Group 2, five normal mice were treated with Angl. After intraperitoneal administration
of 125 mg/kg tribomoethanol (Sigma-Aldrich Corp., St. Louis, MO), a subcutaneous
osmotic minipump (Alzet model 2004, Durect Corp, Cupertino, CA) was implanted into the
mouse to deliver a slow release of Angll (1.44 mg/kg/day). On day 28, the aortic wall
motion was estimated using the same technique as Group 1. The HR of the five Angll mice
was (meanzstd) 418.2+86.1 bpm (between 288-530 bpm) under isoflurane anesthesia.

2.2 Parameter calculation

The aortic pressure was measured over a cardiac cycle at to the region of interest in the
abdominal aortic lumen of one mouse. This was assumed to be uniform over the entire
scanned abdominal region and applied to the aortic wall deformation in Group 1 and
Group2.

Regarding the high resolution ultrasound images, the inner and outer diameters, thickness
and locations of the abdominal aortic wall were clearly obtained though manual tracing on
the B-mode image by a trained observer (Figure 1B). The region of the abdominal aorta
most orthogonal to the ultrasound beam was chosen in order to obtain the most accurate
displacement estimation, i.e., in the axial direction as shown between white arrows in Figure
1B. These coordinates, from the selected region, were mapped onto the RF frame. The radial
incremental displacements, Ujnc, Of the inner and outer walls were then estimated using the
cross-correlation technique [29]. As shown in Figure 1D, the positive values denote upward
incremental displacements (red dots) to the ultrasound transducer, while the negative (blue
dots) depict downward displacement. We assumed that the wall was expanded radially and
symmetrically. The RF frame rate considered was 2 kHz in order to get the highest quality
displacement estimation [30]. Then the cumulative displacement, uq,m was calculated as
follows.

-th

ucum(ith):ucum (Z -th)

- 1)+uinc(2 (1)

(@) =dref+ticum (i) (2)

where d;¢ is the reference diameter from manual tracing on the B-mode image as in Figure
2A, d(i) is the aortic diameter, i™ is the frame number, which is related to time by t=i/frame
rate (0.5ms), indicating the time in the cardiac cycle. The inner diameter, d;(t), and outer
diameter, do(t), variations are followed the Eq. (2).

The aortic pressure waveform was aligned with the aortic wall diameter variation using the
corresponding ECG. Since the purely elastic behavior was only investigated, the maximum
and minimum peaks of the pressure and diameter variations were aligned. Since the
interaction between the aortic wall and blood flow was ignored, only the aortic dilation
during the systolic phase was considered. The aortic wall motion was observed during the
entire cardiac cycle in order to identify the dilation phase, i.e., the deformation of the wall
between the minimum and maximum diameter peaks (Figure 3).
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The radial pulsation of the aortic wall induced both radial and circumferential deformations.
The circumferential direction is the most dominant [35]. Also, the aortic wall thickness was
very small i.e., 0.153+0.029 mm, but above the image resolution limit (55 um) that provide
inadequate resolution to determine the aortic radial strain. Hence, the stress-strain
relationship was expressed in the circumferential direction. Laplace’s law was applied for
the stress calculation, and the extravascular pressure was assumed to be zero, i.e.,
Pi(t)d;(t

gy (t):7do(t() )_ (57: ()t) 3)
where o6(t) is the mean circumferential stress and Pj(t), d;(t), do(t) are the aortic pressure,
inner and outer diameter of the aortic wall, respectively. e6(t) is defined as the
circumferential strain, i.e.,

dmean t) — Dmean
co(t)=2meenl?) @

where dmean(t) = (do(t)+di(t))/2 is the mean diameter and Dypegn IS the in vivo reference
configuration, defined as the minimum diameter over a cardiac cycle.

The field of view was different across mice according to the individual location and
orientation of the abdominal aorta. We focused on the region, where the inner and outer
diameters of the aortic wall could be detected. The number of selected locations along the
aorta for each mouse, defined as N, thus varied (11-92 locations). Hereafter, the
circumferential stress and strain were calculated using Eqgs.(3) and (4) N times for each
mouse.

2.3 Model description

The media, the most dominant layer in determining the vascular mechanic [4], consists of
several "musculo-elastic fascicle™ [36] or medial lamellar unit [37]. Each one consists of
elastin sheet, collagen fibers and vascular smooth muscle cells (VSM) oriented
circumferentially [37-41]. They are pulled simultaneously in the circumferential direction as
the aortic pressure increases. Therefore, a phenomenological model of the aortic wall was
accordingly established as a two-parallel spring model [5, 11].

The passive elastic behavior of the aortic wall is mainly influenced by the elastin and
collagen fibers since VSMs are totally relaxed [5-9, 42, 43]. We can therefore express the
elastic modulus, E, of the aortic wall from the parallel action of the elastin and collagen
fibers as follows [5, 7, 11, 42, 44, 45]:

E:‘/elastinEelastin+fcoll, engage VeottE coll (5)

where Egaginand Egq are the Young's moduli of elastin and collagen fibers, respectively
and. Veasiin and Vo are volume fractions of elastin and collagen fibers, and feoj engage 1
the percentage of the actively engaged collagen fibers [5-7].
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Figure 3B shows a typical stress-strain relationship obtained in a normal mouse. A transition
point can be clearly observed, after which the slope of the stress-strain relationship is
significantly increased, i.e., by 1.5 to 3 times (Table 1). We thus define the transition strain,

e}, as the strain where the collagen fibers start engaging. In our study, the transition from
elastin to collagen activation was expressed in terms of strain due to the fact that pressure
was shown to have non-significant effect on the strain level of the transition (Appendix A).

e} was defined as the minimum of the radial aortic wall acceleration (Appendix B). The
two-slope was confirmed by plotting the normalized derivative of the circumferential stress
with respect to the circumferential strain against the circumferential stress according to the
method by Tanaka and Fung (1974) [46, 47] (Figure 3C). A clear discontinuity of the slope
of the circumferential stress-strain curve was observed, separated into two slopes, E; and E,
which corresponded to two values of the wall elastic modulus. E; and E, were hypothesized
to be the results of elastin and contribution by elastin-collagen, respectively.

However, Veagtin: Veoll @nd feoll engage Were not known in vivo. The recoil and resilience of
the aorta depended on the specific architectures of its elastic lamella [37, 48], which
consisted of randomly arranged chains of elastin [49]. We therefore defined, E; and E,
representing the Young’s modulus of the elastic lamellae and elastin-collagen fibers,
respectively.

Before the transition strain (0 < e5<&]'), the elastic lamella were dilated up to a certain point
and the stress-strain relationship was as follow,

09=Velastin Pelastinfo=FE1€6 (6)

After the transition strain (¢1" < ¢,), both the elastic lamellae and engaged collagen fibers
equally contributed to the higher elastic modulus defined as Eo.

where Eg is equal to f i cngage Eropr At €ach longitudinal location, the first two Young's
moduli, E; and Ep, were assessed using linear curve fitting as in Egs. (6 and 7). Ez, which is
expected to correspond mainly to collagen fibers, was then estimated as follows

E3=FE>; — FE1 (8)

The schematic drawing of the two-parallel spring model is shown in Figure 3A. The
piecewise-linear stress-strain relationship was expressed as results of two linear elastic
materials, namely, the elastic lamellae and collagen fibers. Therefore, three Young's moduli
were evaluated in vivo: (1) elastic lamellae (E;), (2) elastin-collagen fibers (E,) and (3)
collagen fibers (E3). Noted that, the three Young’s moduli are the mechanical properties
corresponded to a certain structural appearance of elastin and collagen fibers at the given
conditions, i.e., normal and Angll-treated aortas.
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The stress-strain relationships of the abdominal aortic walls were assessed in normal (Group
1) and Angll-treated (Group 2) mouse aortas.

For Group 1, Figure 4A (dot lines) shows the variations of circumferential stress and strain
of a normal aorta along the N longitudinal locations in the selected region. The

circumferential stress gradually increases until it reaches a transition strain, 7, beyond
which the stress increases dramatically.

For Group 2, the stress-strain relationship along N longitudinal locations of an Angll-treated
aorta is shown in Figure 4A (dash lines). Although the similar trend as Group 1 is noted, the

transition strain (meanszstd) of the Angll-treated aorta (sf) occurs at a lower strain level

than the normal one (ei ), 1.e., 1.18+0.36 % strain and 2.86+0.63 % strain at a p-
value<0.001, respectively. The three Young's moduli of the Angll-treated aorta are
significantly higher than those of the normal aorta, with p<0.001.

e}, Eq, Ex and E3 (meanszstd) for each mouse were determined using Egs. (6) to (8),
arranged over N longitudinal locations as shown in Table 1 (Group 1) and Table 2 (Group
2). The comparison between Group 1 (Table 1) and Group 2 (Table 2) averagely over five
mice is presented in Figure 5.

According to our methodology, the transition strain and three Young's moduli of normal and
AnglI-treated aortas are locally mapped on the longitudinal locations as shown in left and
right column of Figure 4, respectively, corresponding to the stress-strain relationships in
Figure 4A. We can thus locally visualize the alterations of the aortic wall stress-strain
relationship in both normal and Angll-treated aortas (Figure 4B-E and Figure 4F-1).

4. Discussion

This study aims at the development of a simple tool for the in vivo measurement of aortic
wall stress-strain relationship. Both the stress and strain have to be measured in order to
quantitatively determine the stress-strain relationship. The stress measurement requires
knowledge on the intravascular pressure, which can be obtained using catheterization
procedures for invasive, intravascular measurement. Our study proposed to measure only the
wall strain obtained noninvasively using ultrasound-based method. Even though the wall
deformation does not provide quantitative stress values, the general trend of the stress-strain
behavior can be estimated by applying different, previously acquired, pressure waveforms
(Appendix A). Most importantly, this allowed identification of the transition in the strain
from elastin to collagen engagement. This transition in the strain was different between
normal and pathological (i.e., Angll) cases. Therefore, the transition strain represented an
interesting parameter that was directly related to the underlying physiological structures of
the aortic wall.

The transition strain of the normal aortic wall stress-strain relationship was first measured in
vivo under physiologic conditions, indicating the influence of elastin and collagen on the
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wall mechanical behavior. In order to modify the composition of these wall constituents, an
Angll treatment was used. Angll has been reported as an effective agent for the abdominal
aortic aneurysm (AAA) model, which induces changes in the aortic wall properties and
increases the blood pressure [31, 33]. The associated decrease in elastin, forming of collagen
fibers and degradation of elastic lamellae were reported as a result of the Angll
administration [31, 33]. Our results showed that the change in elastin and collagen yielded
the change in aortic stiffness as depicted in Figure 4A. The first slope (i.e., at low strains) of
the stress-strain relationship reflected the elastin action. Since the elastin was partially
degraded, it represented fissures in the internal elastic membrane with evident re-duplication
and re-orientation of the elastin fibers [32]. As a consequence, in the Angll case, the
collagen would start engaging at lower wall deformations, causing the transition strain to
appear at a lower strain level in the Angll case relatively to the normal case, i.e,
0.012+0.004 and 0.029+0.006 as Table 1 and 2, respectively.

After the transition strain was defined, the three Young’s moduli were estimated. E, was the
highest (Figure 5) due to the contribution of both elastic lamella and collagen fibers. E3
(collagen engagement modulus) was twice time higher than E; (elastic lamellae modulus),
which was in agreement with previous reports, where the elastic modulus of collagen was
significantly higher than that of the elastin [14]. E3 corresponded to the collagen fiber
engagement in vivo. Only one slope change of the stress-strain curve beyond the transition
strain was observed. We thus hypothesized that a number of activated collagen fibers
became engaged after the transition and the subsequent activated collagen fibers had lower
stiffness compared to the previously activated collagen fibers. The stress-strain relationship
after the transition strain was thus approximated as a linear response including the action of
feoll engage: All three Young's moduli of Group 2 were found significantly three times higher
than Group 1, shown in Table 1 and Table 2, as a consequence of Angll treatment following
previous studies [32].

For the purposes of this study, given the extreme difficulty in the catheterization of the
abdominal aorta in a mouse, the aortic pressure waveform was measured in a different
mouse from those used in the aortic wall deformation estimation. The difference in heart
rate, respiratory rate and other physiologic factors would, however, influence the stress-
strain relationship. It is impossible to obtain the actual aortic pressure in vivo because of the
presence of the catheter in the lumen that affects the flow and subsequently the pressure
experienced by the wall. It may also affect the values of the Young's moduli. Therefore, the
three Young’s moduli in this study are not necessarily the exact reference values of the
aortic wall mechanical properties. They still represented, however, the trend of aortic wall
stiffness which varied with the change in the wall constituents. The pressure waveform did
not significantly affect the trend of the stress-strain relationship. As in appendix A, the
contribution of the elastin and collagen, i.e., the transition strain, occurred at the same strain
level regardless of the pressure waveform. Therefore, the aortic wall displacement, as
obtained from our noninvasive ultrasound-based method, was considered to be sufficient in
identifying the transition strain as shown in appendix B.

Therefore, one important conclusion from our study is that the transition strain can serve as
a clinically relevant parameter that can be obtained noninvasively using ultrasound-based
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motion estimation techniques. The proposed methodology using the transition strain has the
following advantages; the transition strain was shown to be 1) pressure-independent, hence
it can be easily measured noninvasively and 2) significantly correlated with the underlying

structure and overall health of the aortic wall.

Regarding alternative techniques, Intravascular Ultrasound (1\VUS) [13, 50] has also been
employed to monitor the wall deformation. However, it constitutes invasive method and
cannot always be used diagnostically. Our noninvasive imaging technique was capable of
detecting the aortic wall deformation at every longitudinal location in a single scan [30]. As
shown in Figure 4(B-I), we can observe the variation of the transition strain and Young's
moduli along the aortic wall.

The proposed methodology is thus simple and provides the basic mechanical properties of
the abdominal aortic wall by taking into account the influence of different constituents.
However, there are certain limitations associated with the assumptions and experimental
constraints used. First, the aorta is surrounded by perivascular tissue involving boundary
conditions impossible to consider [13]. The motion and deformation of the aortic wall are
caused by both extravascular and intravascular pressures. However, the extravascular
pressure cannot be measured in vivo and was assumed to be zero. Moreover, the passive
behavior of the aortic wall may be affected by the surrounding tissues, which have been
ignored in the model used in this study [11]. Second, our method is limited by the lack of
consideration of the wall viscosity and anisotropy. The viscosity of the aortic wall was not
taken into account. However, the viscosity would affect the time delay between the pressure
and the aortic wall motion, not the stress-strain relationship. Regarding the histological
configuration, the aortic wall was previously assumed to be anisotropic [13, 22, 41, 46, 51—
57]. In this paper, we defined the wall as an isotropic cylinder since only the circumferential
strain was estimated. Therefore, the estimated Young's moduli reported in this paper
approximated only the non-viscous, isotropic, elastic properties of the aorta. The proposed
method could be expanded to include the viscoelastic and anisotropic properties of the wall.
Viscoelastic properties of the aortic wall can be studied in the future by investigating the
entire cardiac cycle, and select a suitable model to estimate viscoelastic parameters.
Anisotropy of the wall could be evaluated by measuring radial and longitudinal strains. The
study can also be repeated over a larger sample of animals to obtain the specificity and
sensitivity of the proposed methodology in various types of pathologies.

5. Conclusion

In this study, we investigated the local, passive stress-strain relationship of the abdominal
aortic wall in vivo. The aortic diameter variation of the murine abdominal aorta was obtained
by applying a 1-D cross-correlation technique on the ultrasound RF signals at the very high
frame rate of 8 kHz. The transition of the circumferential stress-strain relationship was
hypothesized to indicate the change from elastin to collagen engagement. In summary, in
this paper, 1) the stress-strain behavior was determined locally in vivo, 2) the contribution of
elastin and collagen, i.e., before and after the transition strain, was first observed on the
stress-strain relationship in vivo under normal physiologic conditions and 3) the transition
strain can be an indirect measurement on the structure and health of the aortic wall,
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estimated noninvasively using the ultrasound-based method. Our method represents thus a
simple way for mapping the aortic modulus in 2D and determines the local stress-strain
relationship for detecting and monitoring vascular disease in vivo.
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Appendix A

Appendix

In order to determine the pressure dependence, four different aortic pressure waveforms
were considered from previous studies [58, 59]. For each case, only the pressure in the
systolic phase was chosen and applied to our displacement data using the same procedure in
the method section. The change in the aortic pressure and aortic mean diameter (black empty
dots, location referred to Figure 2A) were plotted in Figure 6A. The corresponding stress-
strain relationship and transition regions are shown in Figure 6B. The similar trend of stress-
strain curve was found in every case, i.e., contribution of two-linear relationship. The slopes
of the stress-strain relationship before and after the transition strain are different among each
case, indicating the magnitude difference of the Young's moduli, not the relationship. The
transition strains appear at the same strain level in every type of pressure waveform as
shown in Figure 6B. For our study, the displacement or strain of the aortic wall plays a
dominant role in the transition from elastin to collagen fibers. The transition strain was thus
concluded to be pressure-waveform independent.

B

The transition strain (Appendix A) can be identified using only the aortic wall displacement.
The transition strain was assumed as the strain, at which collagen starts engaging, which was
defined as the 'knee' of the stress-strain curve expressed as linear function. The transition
strain was found to occur at the minimum of the plot of the second derivative of the aortic
wall displacement as shown in Figure 7A, and was mapped on the corresponding stress-
strain relationship as in Figure 7B. For our study, we thus chose this value to be the
transition strain for the Young’s moduli calculation using Egs. (6), (7) and (8).
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Figure 1.

(A) Location of the abdominal aorta in mouse. (B) The B-mode image of the murine abdominal aorta in systolic phase of the
heart. White dash line expresses the inner and outer diameter tracing. (C) The black dot on the ECG denotes the phase at which
the image in Figure 1B was acquired. (D) The incremental displacements at of the inner wall. Red and blue indicate the
locations of the ventral and dorsal aortic walls, respectively, which are corresponding to the locations of red and blue dots of
Figure 1B. The corresponding accumulative displacements are presented as black dots, calculated from Eq. (2). (E)The time
period over one cardiac cycle defined by R-wave where the displacements in Figure 1D were taken.
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Figure 2.
(A) Four red dots display the locations of inner and outer diameter, which was chosen from B-mode ultrasound image. (B) The

mean diameter variation of the abdominal aorta. Both pressure and diameter are corresponding to the selected location in Figure
2A. (C) The aortic pressure variation over one cardiac cycle. The minimum and maximum peaks are aligned to eliminate the
viscosity effect and only the dilation of the aorta is considered. The reference diameter, Dypean, is defined as the minimum of the
cycle.
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Figure 3.
(A) The phenomenological model of the aortic wall. (B) The stress-strain relationship was separated into two linear relations by

a transition point, <. This data is referred to location as shown in Figure 2A. (C) The normalized derivative of stress with
respect to strain versus normalized stress are plotted to confirm two groups of elastic modulus, E; and E,, compared to Tanaka
and Fung (1974). The arrow indicates discontinuity.
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(A) The stress-strain relationship of a normal aorta (dot lines) with N=34 longitudinal locations, and those of an AnglI-treated
aorta (dash lines) with N=33 longitudinal locations. (B-E). The transition strain of the normal and Angll-treated aorta are eﬁ and

ef, respectively. Left column shows the local calculated parameters of the normal aorta, same mouse as the blue dots in Figure

4A, mapped on the aortic wall, i.e., ¢, Eq, Ep and Ez. (E-H) Right column shows those calculated parameters of the Angll-
treated aorta, same mouse as the red dots in Figure 4A.
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Comparison of ¢, Eq, Ep and E3 (meanzstd) between Group 1 (normal aortas) and Group 2 (AnglI-treated aortas) over five
mice for each case.
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Figure 6.

(A) Five aortic pressure waveforms (four were traced from the previous studies [58, 59] and one from our measurement) and
one mean diameter of the abdominal aortic wall over systolic phase. (B) Stress-strain relationships are determined from five
aortic pressures and the same mean diameter corresponding to Figure 6A, each color refers to its stress-strain relationship. Blue,
red, green, purple and black refer to aortic pressure waveform of Type A [58], Type C [58], Type C (2"9 decade) [58], Thoracic
aorta [59] and the present data, respectively as in Figure 6A. The transition strain are expressed by a vertical line.
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Figure 7.
(A) The 15t (empty dots) and 2" (black dots) derivative of aortic wall displacement over systolic phase of cardiac cycle. The

transition strain is defined as the minimum of 2" derivative as shown by empty square. (B) The transition strain (square),
corresponding to Figure 7A, is mapped on its stress-strain relationship.
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