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Abstract
The coronary sinus (CS) vessel serves as a conduit for the deployment of percutaneous
transvenous mitral annuloplasty (PTMA) devices for the treatment of functional mitral
regurgitation. Characterization of the mechanical response of the CS is an important step towards
an understanding of tissue–device interaction in PTMA intervention. The purpose of this study
was to investigate the mechanical properties of the porcine CS using the pressure–inflation test
and constitutively model the wall behavior using a four fiber family strain energy function (SEF).
The results showed that the CS exhibited an S-shaped pressure–radius response and could be
dilated up to 88% at a pressure of 80 mm Hg. Excellent results from model fitting indicated that
the four fiber family SEF could capture the experimental data well and could be used in future
numerical simulations of tissue–device interaction. In addition, a histological study was performed
to identify the micro-structure of the CS wall. We found a high content of striated myocardial
fibers (SMFs) surrounding the CS wall, which was also mainly composed of SMFs, while the
content of smooth muscle cells was very low. Elastin and collagen fibers were highly concentrated
in the luminal and outer layers and sparsely distributed in the medial layer of the CS wall. These
structural and mechanical properties of the CS should be taken into consideration in future PTMA
device designs.
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1. Introduction
Mitral regurgitation (MR) is the abnormal leakage of blood back into the left atrium during
systole. Common co-morbidities associated with MR include myocardial infarction [1],
severe systolic dysfunction and left ventricular dilation [2]. The prognosis of MR is difficult,
and the patient can be asymptomatic in mild and moderate MR cases [3]. A routine
examination of 1336 men and 1545 women (54 ± 10 years of age) in the Framingham Study
[4] found that 19% of men and 19.1% of women had greater than or mild MR. The presence
of MR was found to be an independent predictor of cardiovascular mortality [5] and
impaired survival [6]. It has been shown that functional MR can decrease the survival rate at
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year 5–48.7% for mild cases and 39.9% for moderate to severe cases in a population of
patients with left ventricular systolic dysfunction and heart failure [7].

Surgical mitral valve repair and replacement have been used to correct MR. However,
relatively high operative mortality rates, up to 6–12% [8-11], and a significantly increased
risk for patients of advanced ages and/or with other co-morbidities have limited the use of
these procedures. Recently, a new percutaneous intervention, called percutaneous
transvenous mitral annuloplasty (PTMA), utilizing a transcatheter technique for correcting
MR, was introduced. Fig. 1 illustrates one of these PTMA devices. This PTMA device
consists of a 12F outer diameter guide catheter and dilator, a 9F delivery catheter and a
nickel-titanium alloy (nitinol) implant. The implant itself is composed of three sections: a
distal self-expanding anchor, a spring-like “bridge” and a proximal self-expanding anchor.
The proximal and distal self-expanding anchors, once embedded within the coronary sinus
(CS), will expand and position at the CS ostium and the great cardiac vein (GCV) ends,
respectively. The bridge element can be shortened. Hence, it will pull the proximal and
distal anchors together, displacing the posterior annulus anteriorly and reducing the mitral
annulus diameter along the septal–lateral axis.

Several animal and human clinical trials using various PTMA devices have recently been
conducted [11-13]. Although early clinical efficacy was demonstrated, device dysfunction
and fatigue fracture were reported in these studies. The first in-human clinical trial of a
PTMA device as shown in Fig. 1 in five patients was conducted by Webb et al. [12] in 2006.
In this study device fracture at the bridge section was reported in three patients and severe
MR grade recurrence was observed after bridge separation. In addition, although no severe
injury to the CS was detected, compression of the surrounding arteries (i.e. left circumflex
artery) was reported. Because the PTMA device was in direct contact with the CS,
biomechanical interaction between the device and the tissue could be a critical factor for
device end results. We assume that a better understanding of biomechanical interaction
between the device and the host tissues may elicit the underlying implant failure
mechanisms and improve PTMA device design.

In this study we conducted the first, to our knowledge, biomechanical characterization of the
CS using a porcine model. A pressure–diameter inflation test was performed on the CS in its
intact, in-service configuration, e.g. the CS was not dissected from the surrounding
myocardium, to quantify the in vitro mechanical responses. A strain energy function (SEF)
was utilized to characterize the nonlinear hyperelastic properties of the vessel wall. In
addition, the CS histology was studied to elicit its structural components.

2. Materials and methods
2.1. Pressure–inflation experiment

The coronary sinus is a large venous vessel that returns deoxygenated blood from the left
heart and drains into the right atrium. It begins at the termination of the great cardiac vein
(GCV), marked by the valve of Vieussens internally and the small oblique vein or vein of
Marshall (OV) externally. Located in the sulcus of the atrio-ventricular groove, the CS runs
along the posterior side of the annulus of the left atrium and ends at the Thebesian valve,
which marks the CS ostium [14-16]. In this study we focused on material characterization of
the CS ostium region about 10 mm from the Thebesian valve, since it is the region that is
directly in contact with the proximal anchor stent of a PTMA device. Porcine hearts were
used in this study because of the similarity between porcine and human hearts in terms of
mitral valve related applications [17].
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A total of seven fresh porcine hearts, typical of 6–9 months old with a weight range of 400–
500 g, were obtained from a local abattoir. Upon delivery on ice they were subjected to
vessel pressure–inflation testing within 48 h. Prior to testing the hearts were separated from
excess tissue (e.g. aorta arch and fat) and blood clumps. The right atrium was incised to
expose the CS ostium and a small section about 5 mm from the CS ostium was detached
from the left atrial appendage (LAA) for the purpose of connecting a plastic cannula to the
CS to produce the inflow pressure. The plastic cannulae varied in size to fit various CS
diameters (e.g. 4, 6 and 8 mm). The other end of the CS (at the junction of the CS and GCV)
was secured with surgical forceps. To ensure pressure stabilization all other branches of the
CS were occluded with ligatures. Then the whole heart was submerged in a small plexiglass
tank (21 mm long × 18 mm wide × 18 mm high and 2.8 mm thick). The front side of the
tank was replaced with a thin (0.35 mm thick) clear plastic sheet for the purposes of
imaging. The tank was filled with Ca2+-free saline solution at room temperature. The heart
was stabilized by being rested on a sponge placed on the bottom of the tank. The cannula at
the CS ostium end was connected to a pressure gauge, which was linked by a flexible plastic
tube to a water tank where a hand-operated pump was used to apply pressure to the CS. The
ultrasound probe (7.5 MHz transducer RT320, General Electronic Inc.) projected a beam
perpendicular to the CS on the clear plastic sheet side of the tank to collect two-dimensional
(2D) cross-sectional images of the CS (see Fig. 2a). Since the water tank was clear the
ultrasound wave travelled through the tank and the water to the tissue and then back to the
probe. All data were recorded at a cross-section about 10 mm from the CS ostium.

Each specimen was subjected to preconditioning by inflating up to 80 mm Hg and then
venting the pressure back to 0 mm Hg. This process was repeated 20 times to minimize
hysteresis. Testing was then conducted by increasing the pressure from 0 to 80 mm Hg in
increments of 5 mm Hg s−1. At each pressure a 2D ultrasonic image of the CS cross-section
was taken immediately using custom-written image capture software. A total of 17 images
were taken for each heart, and the inner diameter and CS wall thickness were measured
using image post-processing code written in Matlab (Mathworks, Natick, MA). Utilizing
ultrasound images to capture the cross-sectional CS geometry during the inflation test
allowed direct measurement of the tissue thickness. This method may provide a more
accurate estimation of circumferential stretch and stress using Eqs. (1)-(3) below, compared
with other methods that use the derived thickness based on markers on the surface of the
vessel, particularly when the vessel is curved and partially imbedded in surrounding tissue.

2.2. Ultrasound image analysis
All images were imported into the Matlab program and analyzed using a Matlab function
called “improfile”. Briefly, the image processing technique involved identifying boundaries
of tissues from the change in impedance of the medium when the ultrasound wave travelled
from water to tissue and from tissue to water. The change in impedance resulted in a change
in the image intensity, with high (white) and low (black) intensities indicating tissue and
water, respectively. The “improfile” function identifies the intensity values along a line or a
multiline path specified by the user, interpolating to find the intensity value for each pixel
and graphing these intensity values. Both diameter and thickness values were determined by
detecting the pixel value along line segments (Fig. 2b and c).

For diameter measurements two line segments were drawn across the anterior–posterior and
superior–inferior views of the vessel. As the CS is partially imbedded in the myocardium,
the inflated vessel circumference at low pressure may not be circular. Therefore, two
measurements of diameters were recorded and averaged. A center point was determined
from the intersection of these two lines. Thickness was measured by drawing three lines,
originating from the center point and each going separately through three different sections
across the thickness (see Fig. 2a). Thickness measurement was estimated using a basic
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image analysis technique termed full-width half-maximum (FWHM) [18]. Real
measurements of tissues using a non-rotating thickness gauge (Mitutoyo, Model 7301)
determined that FWHM provided a good approximation of thickness. Basically, FWHM is
the full width of the section (across the CS wall) at the half maximum value (intensity
value). Three measurements of thickness were averaged to obtain the mean. Units in pixels
were converted to lengths according to ultrasound image calibration.

2.3. Histology
Each CS vessel was removed from the heart and fixed in formalin for 24 h prior to
histological processing. Cross-sections through the thickness of both the anterior and
posterior CS sections were examined. Each sample was sliced into several 6 μm pieces in
both the axial and circumferential directions using a cryostat microtome and then stained
with Verhoeff–Van Gieson (VVG) stain. Thus, the black strands are elastic fibers and the
bright red materials are collagen fibers. Muscle fibers can also be distinguished as a duller
red or light brown color. Histological images were obtained with an Olympus 220 digital
camera coupled to an Olympus CX41 light microscope and analyzed using LabView
software (National Instruments, Austin, TX).

2.4. Constitutive modeling
The pressure–radius data were utilized to characterize CS mechanical properties using a four
fiber family SEF [19]. For a segment of CS with initial and deformed axial lengths L and l,
respectively, with the assumption of tissue incompressibility, the vessel wall volume V is a
constant during inflation. Thus, we have:

(1)

where A and B denote the initial, unloaded inner and outer radii, respectively, and a and b
denote the deformed, loaded inner and outer radii, respectively. Following the method
presented in Wicker et al. [19], the associated mean stretch ratios in the CS circumferential
and axial directions were computed as:

(2)

Note that both the initial and deformed lengths were not experimentally measured in this
study. Instead, using Eq. (1) and the assumption of tissue incompressibility, the axial stretch
was calculated using Eq. (2). The mean circumferential (σθ) and axial (σz) Cauchy stresses
[20] can be calculated using the pressure–radius experimental data in the deformed
configurations:

(3)

where P is the luminal pressure (the outer pressure was assumed to be approximately 0), h =
b − a is the thickness and πa2 P accounts for the luminal pressure acting over the projected
inner cross-sectional area of the CS.

We assumed that the CS behaved as a hyperelastic material following the concept of
pseudoelasticity [21], thus the four fiber family model W could be expressed as:
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(4)

where c,  and  are the material parameters and the superscript k represents the kth fiber
families. The fiber families k = 1 and 2 represent axially (0°) and circumferentially (90°)
oriented fibers, respectively, and the fiber families k = 3 and 4 represent diagonally oriented
fibers (see Fig. 3). Note that these fiber families do not reflect the physical fibers, instead
they are virtual fibers representing all fibers oriented in four directions throughout the vessel
wall. The parameter l1 is the first invariant of the right Cauchy–Green tensor,

 is the stretch of kth fiber family and  represents the angle

between the fiber family and the CS axial direction, with ,  and . For

Eq. (4) , , , and  are typically assumed [19,22,23], therefore, a total of
six parameters was needed to be determined.

Finally, the associated mean circumferential and axial Cauchy stresses were [23],

(5)

The constitutive model was fitted to the experimental pressure–diameter data, yielding six
optimal parameters for each data-set. In addition, the mean responses of seven pressure–
diameter data were obtained and fitted. The material parameters of the mean response
(P_Mean_Exp_Data) and the mean values of the optimal material parameters
(P_Mean_Para) were compared. The goodness of the fit was determined using the R2 value
based on the Levenberg–Marquardt nonlinear regression algorithm using Systat 10 (Systat
Software, Chicago, IL). Variations in the test data are presented in terms of standard errors.

3. Results
3.1. CS anatomy

Similarly to the human CS, the porcine CS has the same major tributaries, which are the
GCV, the OV, which descends along the lateral and inferior wall of the left atrium and joins
the GCV to form the CS, and the inferior left ventricular vein (ILV), which drains from the
diaphragmatic surface of the left ventricle (see Fig. 4a and b). However, we noticed that
there was a distinct difference between the porcine and human CS. Unlike the human OV,
which is small [14,15], the diameter of the porcine OV was as large as the diameter of the
CS (see Fig. 4a), and there was no obvious differentiation that separated this vessel from the
CS. Fig. 5 illustrates the CS cut along its long axis. The internal surface of the CS resembled
the right atrial endocardium, rather than the endothelium of a vein. The free wall of the CS
was surrounded by a striated myocardial fiber (SMF) cuff that runs obliquely starting from
the OV. Superior to this SMF sheet was a thin layer of connective tissue, which also
surrounded the OV (Fig. 5a). The anterior part of the CS was attached to the LAA, and the
barrier between the LAA and CS could also be identified (long dashed line in Fig. 5c).

3.2. Mechanical responses of the CS
Initial and maximum dilated diameters and thicknesses of seven specimens are listed in
Table 1. The mean pressure versus the inner diameter response of seven CS are illustrated in
Fig. 6. The CS exhibited an S-shaped curve, typical for blood vessels [20]. Below a pressure
of 10 mm Hg the CS did not exhibit obvious dilatation. However, in the pressure range 10–
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30 mm Hg there was a rapid extension of the CS diameter. As the pressure increased above
30 mm Hg the wall became progressively less distensible and stayed nearly flat at high
pressures. At 30 mm Hg pressure the CS could be dilated by up to approximately 60%, and
at 80 mm Hg by up to about 88%. The CS vessel wall thickness decreased with applied
pressure (see Fig. 6b), as one would expect.

The mean stress versus stretch curves for the CS obtained from the pressure–inflation
experiments can be seen in Fig. 7 for both the axial and circumferential directions. The
maximum stress values were 35.5 ± 4.64 and 75.95 ± 9.34 kPa for the axial and
circumferential, respectively, under 80 mm Hg pressure. The response in the axial direction
showed an initial contraction, which ceased at about 10 mm Hg, followed by an extension at
higher pressures.

3.3. Micro-structure of the CS vessel wall
The circumferentially cut sections of the posterior (free wall) and anterior (section attached
to the LAA) CS are illustrated in Fig. 8. The posterior CS sections were covered by a layer
of SMFs oriented circumferentially (see Fig. 8a). The CS wall, unlike other vessel walls,
was mainly composed of SMFs, with a small content of smooth muscle cells (SMCs). The
SMCs were only observed in bundles in the outer layer of the anterior section of the CS (see
Fig. 8b, arrow). The SMF orientations were similar in both the anterior and posterior
sections, where they aligned in the circumferential direction in the luminal layer and
realigned in the transverse direction in the medial layer. Collagen and elastin fibers were
found throughout the vessel wall (see Fig. 8c and d), while collagen fibers were sparsely
scattered in the SMF layer. Elastin fibers were aligned in the axial direction in the luminal
layer and realigned in the circumferential direction in the medial layer of the CS wall.
Crimping of the collagen fibers was also observed in the axial direction in the CS luminal
layer (see Fig. 8c).

3.4. Constitutive modeling
Material parameters and R2 values of seven individual specimens obtained from the four
fiber family model fit are summarized in Table 2. The model captures the tissue response
well, with a mean R2 value of 0.914 ± 0.036. The parameters of P_Mean_Para and
P_Mean_Exp_Data are also listed in Table 2.

Fig. 9 gives a comparison between the fits of the two parameter sets. The fit was excellent
for the P_Mean_Exp_Data parameters in both the circumferential (solid line) and axial (long
dash line) directions. In contrast, P_Mean_Para did not produce a desirable fit,
underestimating the axial direction and largely overestimating the fibers in the
circumferential direction.

4. Discussion
Although the mechanical properties of arteries have been extensively studied, there are
relatively few studies on the mechanical properties of venous tissues [20,21], and to our
knowledge none on the CS vessel. This is probably because the CS has seldom been treated
as a load-bearing tissue. Recent applications of PTMA devices in the treatment of MR
utilize the CS as a host conduit for the deployment and function of such devices. It is thus
important to quantify the mechanical properties of the CS so that CS tissue–device
interactions can be better understood and the device failure observed by Webb et al. [12] can
be avoided in the future.

In this study we observed that the CS pressure–diameter response was generally similar to
many artery and vein responses [24-27]. The CS was very distensible at low pressures and
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became much stiffer at above physiological pressures (see Fig. 6a). However, the difference
between the CS and other vessels observed in our histological study was the presence of a
high content of SMF in the CS wall, with a relatively lower content of collagen, elastin and
SMCs. Apparently, the structural constituents of the CS are very different to those of a
typical vein or artery, in which collagen, elastin and SMCs are the main constituents. Similar
findings of SMF layers covering the CS have been reported in anatomical studies of the
human CS [15,16]. It has been argued that the CS might be a small cardiac chamber that
joins the other four chambers at the level of the crux cordis [15]. The histological structure
obtained from this study appears to concur that the CS may not be a cardiac vein but rather a
structural extension of the right atrial chamber, because of the high content of SMF in the
vessel wall.

The four fiber family model is an extension of Holzapfel’s two fiber family model [22],
which has been successfully utilized to model various blood vessel tissues [28-31]. In
general, this model can capture the CS mechanical responses well. The model and the
associated parameters obtained in this study can be implemented in numerical simulations to
further investigate the tissue–implant mechanical interactions. The material constants of the
model obtained from fitting of the experimental data might not be unique. Multiple other
sets of material constants may result in the same goodness of fit. The issue of
determinability of constitutive models has recently been discussed by Criscione [32,33]. A
new set of kinematic tensor bases proposed by Criscione [32] might have the potential to
overcome the co-variance or co-alignment issues inherent in the kinematic variables of
strain-invariant or Green strain-based formulations.

Typically, the modeling approach with tissue micro-structure considerations, based on the
pioneering work by Lanir [34], has employed either discrete [22,35] or statistical
distribution functions [36,37] to describe the orientations of tissue fibers. The four fiber
family model utilizes an isotropic term for the tissue matrix substance and anisotropic terms
for the fibers in four assumed fiber directions. For the isotropic term the parameter c
represents the relative contribution of the extracellular matrix (ECM). The mean value of 1.3
kPa obtained in this study suggests that the isotropic ECM plays a significant role in CS wall
responses. For anisotropic fiber responses we observed that c1,2 was close to 0. This
indicates that axial and circumferential fibers made negligible contributions. However,
fibers in the diagonal direction, represented by c3,4, appeared to be responsible for most of
overall tissue mechanical responses. Since we did not determine the quantitative histology of
the CS wall, a definitive correlation between the predicted model and actual fiber
architectures cannot be established.

The response in the axial direction varied from contraction to extension at low to high
stresses, respectively. As shown in Fig. 7, the initial decrease in axial stretch at low stress
occurred simultaneously with a dramatic increase in the circumferential stretch. This
behavior might be due to tissue incompressibility or volume preservation. However, as the
CS wall consists of complex multilayer nonlinear, anisotropic tissue structures, coupling
between the axial and circumferential directions could be more complex than that due to
tissue volume preservation.

In our estimation of CS wall stressweutilized the ideal cylindrical model. However, the CS
wall has an oval shape due to partial attachment to the surrounding myocardium (see Fig.
2a). During the inflation tests the average minor to major axis ratio of the CS vessel was
0.48 at 5 mm Hg, 0.7 at 20 mm Hg, 0.85 at 50 mm Hg and 0.93 at 80 mm Hg. Using the
cylindrical model in data analysis is a way to represent the average stress in an oval shape. A
precise estimation of stress in an oval shape should be as follows [38]: let m and n be the
semi-axes of an oval shape, with n > m. The minimal and the maximal stresses in the oval
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shape are  and , respectively, and the stress at the point x, y can be

obtained as , where s is the arc length on the oval shape. From the

cylindrical model we used , which is the mean value between the maximal and

minimal stresses. Thus, the maximum error with the cylindrical model was ,
which is located at the minor and major axes of the oval shape. Based on the minor to major
axis ratios during the inflation test, the maximum errors in the stress estimation were 26% at
5 mm Hg, 15% at 20 mm Hg, 7.5% at 50 mm Hg and 3.5% at 80 mm Hg. Converted into
actual stress values they were 0.63, 1.78, 3.39 and 2.63 kPa at 5, 20, 50 and 80 mm Hg,
respectively.

There are some limitations in this study. First, the sample size was small. We only
performed experiments on seven porcine hearts. A larger number of specimens may provide
more statistical power in analyzing the data. Also, the validity of extrapolation of the
mechanical properties the of porcine CS to the human CS is currently unknown. A study of
human CS tissue properties is currently ongoing in our laboratory. We hope that in the near
future we could compare human and porcine data, and use them to explain why PTMA
devices respond differently in animal and human clinical trials [11-13,39-41]. Lastly, we
only studied the passive behavior of the CS. The in vivo observations by Barceló et al. [15]
using digital cine CS angiography showed a reduction of the CS diameter during the cardiac
cycle, with the maximal diameter being observed at ventricular systole, an intermediate
diameter during diastole and the minimal diameter at atrial systole. This diameter change
may be caused by active contraction of myocardial fibers or simply by pressure changes
during the cardiac cycle. A further investigation of this phenomenon is necessary.

In conclusion, we have presented a biomechanical characterization of the porcine CS. Under
80 mm Hg pressure-only loading conditions the CS exhibited an S-shaped pressure–radius
response and could be dilated by up to 88%. The model fitting results indicate that the four
fiber family model can capture the experimental data well. By histological study we
observed abundant SMFs covering the CS and also within the CS vessel wall, while SMCs
were very few. Elastin and collagen fibers were highly concentrated in the luminal and outer
layers of the CS wall, but sparsely distributed in the medial layer. In future studies we will
conduct finite element analysis of the interaction between the CS vessel and a proximal
stent, utilizing the mechanical properties of the CS obtained in this study. We may also
conduct mechanical characterization of the human CS using cadaver tissues. Nonetheless,
this study represents an early step towards a complete understanding of PTMA intervention
and an analysis of the device failures observed in current clinical trials.
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Fig. 1.
Illustration of a PTMA device being deployed in the coronary sinus (CS) vessel, which is
adjacent to the posterior mitral annulus. Ant, anterior mitral leaflet; Post, posterior mitral
leaflet; GCV; great cardiac vein.

Pham and Sun Page 11

Acta Biomater. Author manuscript; available in PMC 2013 May 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
(a) An ultrasound image of a cross-section of the inflated CS vessel, with two line segments
D1 and D2 for measuring diameters and three line segments T1, T2 and T3 for thickness
measurements; (b) thickness measurements using the FWHM method (to obtain Tpixel, or the
thickness in pixels, of the width of the half amplitude of the peak); (c) diameter
measurements (distance between the two crosses, in pixels), both processed by the Matlab
“improfile” function.
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Fig. 3.
Schematic of the vessel fiber orientation, with k = 1 and 2 are 0° (axial) and 90°
(circumferential) oriented fibers, respectively, and k = 3 and 4 are diagonally oriented fibers.
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Fig. 4.
The major tributaries of the CS: (a) the great cardiac vein (GCV) and the oblique vein of
Marshall (OV) and (b) the inferior left ventricular vein (ILV).
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Fig. 5.
(a) Coronary sinus (CS) vessel fixed in 10% formalin for 2 days, with the connective tissue
(CT) peeled off to expose the striated myocardial fiber (SMF) layer; (b) axial view; (c) a
closer view of the CS inner wall with distinctive layers of SMF, CT and left atrial appendage
(LAA). The long dashed line indicates the barrier between the CS wall and LAA.
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Fig. 6.
(a) The normalized pressure versus inner diameter experimental results from seven porcine
CS inflated to a maximum pressure of 80 mm Hg; (b) thickness change of the anterior
section of the CS vessel. Data are expressed as means ± standard error.
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Fig. 7.
Stretch–stress curves for the CS obtained from the pressure–inflation tests. The upper curve
represents the response in the circumferential (Circ.) direction, while the lower curve is for
the axial direction. Data are expressed as means ± standard error.
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Fig. 8.
Circumferential-cut sections of (a) the posterior (free wall) and (b) the anterior wall of the
CS. Close-up views of the CS at the luminal layer along the (c) axial and (d) circumferential
axes. The arrow indicates smooth muscle cells (SMCs).
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Fig. 9.
Fits of the mean experimental data for all seven specimens (P_Mean_-Exp_Data) and mean
parameters obtained from averaging individual parameters (P_Mean_Para). Solid lines are
the circumferential fits, while long dashed lines represent the axial fits. Fitting of the results
shows that the parameters obtained from averaging the experimental data
(P_Mean_Exp_Data) provided a better fit. Data are expressed as means ± standard error.
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