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Abstract

Objective—Abdominal aortic aneurysm (AAA) wall stiffness has been suggested to be an
important factor in the overall rupture risk assessment compared to anatomical measure; we
hypothesize that AAA diameter will have no correlation to AAA wall stiffness. The aim of this
study is to 1) determine MRE-derived aortic wall stiffness in AAA patients and its correlation to
AAA diameter; 2) determine correlation between AAA stiffness and amount of thrombus and
calcium; and 3) compare the AAA stiffness measurements against age matched healthy subjects.

Methods—In-vivo abdominal aortic MRE was performed on 36 subjects (24 patients with AAA
measuring 3-10 cm and 12 healthy volunteers) aged 36-78 years old after obtaining written
informed consent under the approval of the institutional review board. MRE images were
processed to obtain spatial stiffness maps of the aorta. AAA diameter, amount of thrombus and
calcium score were reported by experienced interventional radiologists. Spearman correlation,
Wilcoxon signed rank test and Mann-Whitney test were performed to determine the correlation
between AAA stiffness and diameter, and also to determine significant difference in stiffness
measurements between AAA patients and healthy subjects.
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Results—No significant correlation (P>.1) was found between AAA stiffness and diameter or
amount of thrombus or calcium score. AAA stiffhess (mean:13.97+4.2kPa) is significantly (P<.02)
higher than remote normal aorta in AAA (mean:8.87+2.2kPa) patients and in normal subjects
(mean:7.1+1.9kPa).

Conclusion—Our results suggest that AAA wall stiffness may provide additional information
independent of AAA diameter, which may contribute to our understanding of AAA
pathophysiology, biomechanics, and risk for rupture.

Introduction

An abdominal aortic aneurysm (AAA) is a focal abnormal dilatation of the abdominal aorta
located between the diaphragmatic hiatus and the iliac artery bifurcation. The prevalence of
AAA increases with age and is three times more prevalent in men than women;
approximately 8% of men over the age of 65 have an AAA 1.

AAA:s enlarge over time with 50-90% of patients with ruptured aneurysms leading to
death 2. In the US, an estimated 15,000-30,000 individuals die each year due to AAA
rupture and AAA rupture is the 15th leading cause of death in this country 3. Thus, there is
need for a greater understanding the pathophysiology of AAA progression and better
methods for identifying patients at risk for rupture.

The pathogenesis of an AAA is multifactorial 4. There is also great variation in the rate of
enlargement of AAA °. A triphasic evolution of aneurysm size has been proposed: a
quiescent phase, a critical phase, and an expansive phase. During the third phase, the growth
rate is higher 5, with the risk of rupture increasing with AAA diameter. Brewster et al. &
estimated that AAAs with diameters 4-5 cm have a rupture risk of 0.5-5%/year; 5-6 cm a
risk of 3-15%/year; 6-7 cm a risk of 10-20%/year; 7-8 cm a risk of 20-40%/year; and greater
than 8 cm a risk of 30-50%/year. Currently, the gold standard for assessing the risk for
rupture is AAA diameter. Surgical or endovascular aneurysm repair (EVAR) is
recommended when AAA diameter exceeds 5.5 cm.

At the same time, some studies have reported that 2-10% of smaller AAAs (< 5.5 cm)
progress to rupture & while many larger AAAs (>5.5 cm) remain stable, thereby
suggesting that AAA size may not be the only predictor of AAA rupture. From a clinical
standpoint, it is of importance to understand which smaller (<5.5 cm) aneurysms grow or do
not grow and progress to rupture. The reasons for some smaller aneurysms progressing to
rupture while some larger AAAs remaining stable is not understood. A likely explanation is
the variance of biomechanical factors in the aneurysm wall of AAA patients. It is known that
changes in stiffness of AAA tissue can reveal important information about the tissue
microstructure and extra-cellular matrix (ECM) content, both of which significantly
contribute to the pathophysiological development of AAA 2 9: and AAA wall stiffness has
been suggested to be an important factor in the overall rupture risk assessment compared to
anatomical measure. Therefore, there is a need for understanding the pathophysiology of
AAA and rupture risk assessment based on stiffness estimates, independent of AAA
diameter.
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To date, aortic stiffness has been measured with ultrasound-based methods, such as pulse-
wave velocity (PWV) 10, pulse-wave imaging (PWI1) 11, or magnetic resonance imaging
(MRI)-based PWV 12, However, these methods provide only an indirect estimation of aortic
wall stiffness based on pulse velocity and also have other technical limitations 13; and cannot
spatially resolve wall stiffness, an important factor in understanding AAA progression 14,
Another approach was utilized by Tierney et al. where Acoustic Radiation Force Impulse
imaging was extended from ex-vivo 1° to in-vivo estimation of AAA wall stiffness 16 in a
single patient, albeit with several limitations. Because of these cumulative restrictions,
indirect measurements of global aortic stiffness have not been widely adopted.

Magnetic resonance elastography (MRE) is a novel non-invasive MRI-based technique to
determine the stiffness of various soft tissues both superficial and deep within the body by
examining the propagation of shear waves 17-19. Currently, MRE is a clinical tool to stage
liver fibrosis and has been validated against liver biopsy 2. MRE has also been used to
detect liver tumors 2, brain tumors 22, and Alzhemiers 23. MRE has recently been
successfully applied invivo to measure the stiffness of the human aorta 2427 and also in
animals, which are validated against ex-vivo mechanical testing 28, histopathology 2° and
PWV 2427 Additionally, it was also shown that aortic MRE was reproducible in normal
healthy volunteers 27.

The aim of this study is to assess the relationships between MRE-derived spatial aortic wall
stiffness (along the length of the aorta) in AAA and several related parameters as follows: 1)
AAA stiffness correlation to AAA diameter, hypothesizing that the two will not correlate; 2)
correlation of ratio of AAA stiffness to remote normal caliber aorta within the same patient
to ratio of aortic diameter; 3) AAA stiffness correlation to amount of adherent mural
thrombus and calcium; 4) AAA stiffness measurements correlation to aortic stiffness in age-
matched healthy subjects; and 5) AAA stiffness correlation to mean arterial pressure (MAP).

Abdominal aortic MRE was performed on 36 subjects (24 patients with AAA measuring
3-10 cm and 12 healthy volunteers) aged 36-78 years old after obtaining written informed
consent under the approval of the institutional review board. The inclusion criteria for this
study were a) age = 35 years, b) patients/volunteers deemed suitable to undergo an MRE
based upon clinical history and pre-procedural imaging findings. Exclusion criteria included:
a) contraindication to receive an MRI, b) prior history of AAA surgical or EVAR in AAA
patients, b) history of hypertension in normal subjects due to increase in aortic wall

stiffness 25, and c) history of vasculitis or aortic vascular injury.

Experimental Setup

All imaging was performed on a Siemens 3T MRI scanner (Tim Trio, Siemens Healthcare,
Germany). Before and after scanning, blood pressure (BP) of the subjects was recorded to
obtain MAP. Subjects were positioned supine and head first in the scanner. A pneumatic
driver system was used to induce 60 Hz mechanical waves into the abdomen; the active
driver was located outside of the scanning room and was connected via tubing to the passive
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driver, which was strapped to the abdomen just below the xiphoid process of the sternum.
The experimental setup is detailed in Figure 1.

Image Acquisition

A gradient echo-MRE sequence was used to image all subjects 24 to acquire wave data in
obligue sagittal or coronal slices of the abdominal aorta depending on the location of AAA.
The imaging parameters included: TE/TR 21.3/25 ms, matrix = 128x64, FOV = 36-40 cm?,
a =16°, # of slices: 3-4, slice thickness = 5-6mm and a first order gradient-moment-nulled
motion encoding gradient of 60 Hz was applied separately in the X, y, and z directions to
encode the motion in a 9 sec breathhold for each slice. Four MRE time offsets were
collected to obtain the propagating waves in the aorta, as demonstrated in Figure 2. The total
scan time taken for MRE scans is 81-108 sec depending on the number of slices acquired.

Image Analysis

The sagittal/coronal images were masked to delineate the abdominal aorta as shown in
Figure 2. The MRE wave images were processed with MRE-lab (Mayo Clinic Rochester,
MN) to obtain both 2D and 3D stiffness maps 24 27 (please refer to the appendix for
details).24 27, In AAA patients, regions of interest (ROI) were drawn encompassing the
entire AAA as well as remote normal aorta to report the mean shear stiffness (‘stiffness’) as
well as standard deviation (SD). In AAA patients demonstrating adherent mural thrombus,
the amount of thrombus was quantified by determining the % cross-sectional luminal area
accounted by clot at the maximum AAA diameter (i.e. percentage ratio of area of thrombus
to area of AAA) on CT or MRI data by an experienced interventional radiologist (JDD) who
was blinded to MRE measurements. The relative time between MRE and CT measurements
was within 0-5 months except for two subjects which were 7 months and 10 months apart.
However, any CT or MRI based thrombus measurements obtained with a time difference
>12months (i.e. only 2 subjects) was not included in the study. Similarly, calcium scoring
was performed by a cardiovascular radiologist (RDW, who was blinded to MRE
measurements) on the existing CT data (obtained for clinical evaluation) using an

Agatston 30 method although modified to accept variable kVp and slice thickness with
adjustment of threshold from standard 130 HU in order to compensate for blood
enhancement from contrast. In normal subjects, entire abdominal aorta is considered as a
region of interest in reporting the stiffness values.

Statistical Analysis

Data analyses were conducted by using SAS 9.4 (SAS, Inc; Cary, NC). The correlations
between stiffness and diameters, amount of thrombus, pressure and calcium score were
evaluated by Spearman rank correlation method with P<.05 being significant. The difference
in 2D or 3D stiffness between AAA and remote normal within the same patient was tested
by Wilcoxon signed rank test with P<.05 being significant. The differences in 2D stiffness
measurements among AAA patients, normal remote caliber aorta in AAA patients and aorta
in healthy volunteers were tested by Mann-Whitney test with P<.05 being significant.
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Shear stiffness of the normal aorta and AAA regions varied both within and between
volunteers. Figure 2 shows sagittal magnitude images and the resultant stiffness maps for
four patients with varying AAA diameters. The average AAA stiffness values (delineated by
circular dashed line) are 21.1 kPa (diameter = 5 cm), 10.3 kPa (diameter = 5 cm), 28.1 kPa
(diameter = 4.5 cm), and 12.2 kPa (diameter = 3 cm), respectively.

Both 2D and 3D stiffness of the AAA were estimated in 22 of the 36 age matched subjects
(10 AAA, 12 normal) and it was determined that 2D stiffness measurements were
significantly higher (P<.0001) than 3D stiffness measurements as shown in Figure 3a. Figure
3b shows a spearman correlation coefficient of 0.48 with a significant p-value of 0.02.

Stiffness of the aneurysm did not correlate with AAA diameter. Figure 4a shows no
significant correlation (P>.4) between AAA diameter and AAA stiffness with a spearman
correlation coefficient of —0.18 (3D) and 0.16 (2D). In addition, no significant correlation
(P>.6) was found between ratio of stiffness measurements and diameter in AAA region to
that of remote normal caliber aorta in AAA patients as shown in Figure 4b.

Higher aortic stiffness measurements characterized the AAA patients when compared to
healthy volunteers. Figure 5 compares the three groups in terms of stiffness values,
demonstrating higher stiffness in patients with AAA compared to healthy volunteers as well
as remote normal aorta in AAA patients with significant p-value <0.02.

AAA stiffness also failed to correlate with amount of thrombus. Figure 6 shows non-
significant (P>.06) weak (2D) to moderate (3D) correlation between %area of thrombus to
that of AAA stiffness.

No correlation was determined between calcium score and stiffness of AAA region and
remote normal region. Figure 7A shows no significant correlation (P>.43) between calcium
score and AAA stiffness with a spearman correlation coefficient of —0.26 (2D) and 0.25
(3D). Similarly, Figure 7B shows no significant correlation (P>.2) between calcium score
and remote caliber normal aorta stiffness in AAA patients with a spearman correlation
coefficient of -0.22 (2D) and —0.45 (3D).

A weak non-significant correlation was found between AAA stiffness and blood pressure.
Inverse correlation with a spearman correlation coefficient < 0.26 was found between AAA
stiffness and MAP (Figure 8).

Discussion

This study demonstrated that: 1) MRE can be used to estimate spatial stiffness of the aorta in
AAA patients; 2) there is no correlation between AAA stiffness and AAA diameter, and
none was expected; 3) there is non-significant moderate inverse correlation between amount
of thrombus and AAA stiffness (3D); 4) there is no significant correlation between AAA
stiffness and calcium score; 4) AAA stiffness is significantly higher than remote normal
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caliber aorta and as well as normal aorta in healthy subjects; and 5) there is non-significant
inverse correlation of AAA stiffness to MAP.

The development and progression of AAA has long been understood as a complex balance
of elastin and collagen; pliant elastin is lost, forcing more pressure and load onto the stiffer
collagen, which is eventually overcome by the force of BP leading to rupture 31, Ex-vivo
testing has confirmed the degradation of elastin and an increase in collagen in AAA has thus
led to increase in stiffness 32. This finding is consistent with our work that AAA stiffness is
significantly higher than normal aortic stiffness in healthy individuals as well as remote
normal caliber aorta in AAA patients.

Interestingly, though our results demonstrated overall higher stiffness in AAA when
compared to normal caliber aorta, there was some overlap between AAA patient stiffness
and age-matched healthy volunteers’ aortic infrarenal stiffness. There was also a noticeable
variation in AAA stiffness compared to diameter (i.e. similar-sized aneurysms with very
different stiffness values or different-sized aneurysms with comparable stiffness values).
These two observations suggest both that diameter is not an efficient method of classifying
aneurysms per individual, and also that stiffness can provide information in addition to and
furthermore separate from AAA diameter when assessing rupture risk. We hypothesize that
as AAA tissue becomes stiffer (following loss of elastin), it eventually reaches a
compositional threshold, after which the collagen components also begin to degrade and the
tissue becomes locally more elastic until the stress on the aortic wall is exceeded by the
strength of the tissue eventually leading to rupture. This theory has been previously
suggested 2 5 9 and is supported by evidence that ruptured AAAs have demonstrated lower
stiffness values 2.

In order to assess the risk for rupture in AAAs, first, the normal stiffness values across age
should be established. Then, a large sample size with sequential follow up for every 6
months until 3 to 4 years to understand the rate of growth and its correlation to stiffness is
required. Finally, by using all the data from normals and AAAs across time in a statistical
model, a critical limit for rupture based on stiffness estimates can be potentially determined.
With an established threshold of stiffness, we might be able to determine the risk for rupture
of AAAs during routine follow up if the stiffness starts to decrease or even at the first visit.
Therefore, quantitating AAA wall stiffness serially in a patient may provide better
understanding of its risk for rupture. Additionally, AAA stiffness provides additional
quantitative characterization of AAA patients beyond that of diameter alone.

It is known that the role of thrombus with respect to aneurysmal rupture has been
controversial. A few studies have previously shown that significant thrombus burden reduces
the risk for rupture 33. However, clinical observation had indicated that increasing amount of
thrombus was associated with a greater risk for rupture 33. Schurink GWH et al. 33 showed
that pressure in the AAA with thrombus is linearly correlated to pressure in the radial artery
indicating that thrombus does not reduce the pressure in the AAA wall and thus will not
reduce the risk for rupture. Additionally, it has been shown that the biochemical process of
AAA may influence the structural rigidity of an aneurysmal wall, but it has to be further
investigated 34. In our study we have shown that aneurysmal thrombus burden is not
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correlated to AAA stiffness indicating that AAA stiffness is independent of amount of
thrombus; and thrombus may not be used in assessing the risk for rupture of AAAs.

This study demonstrated no significant correlation between MRE-derived AAA stiffness and
calcium score. In a study by Abbas et al. 3° demonstrated that there is no significant
correlation between AAA stiffness measured using pulse wave velocity and calcium score.
Additionally, Gaszner et al. 36 also demonstrated no significant correlation between stiffness
and calcium score in patients with coronary artery disease. Furthermore, Heilmaier et al. 37
demonstrated that there is no significant difference in calcium scores between patients with
and without AAA. However, it was also shown that there was increased degree of calcium in
symptomatic or ruptured AAA patients 38. Therefore, these studies indicate that calcium
disposition and stiffness are independent risk factors in determining the AAA risk for
rupture.

Many studies have shown that aortic stiffness increases with pressure 2 26, An earlier study
in normal volunteers showed moderate linear correlation of stiffness to BP 27. In our study,
we found a moderate negative correlation of AAA stiffness to MAP. It is known that the
arterial pressure measured using a brachial pressure cuff may not represent true central
aortic pressure and is one of the reasons for moderate correlation to stiffness observed in our
study. Therefore, we believe that arterial pressure may not provide complete understanding
of stress experienced by the AAA.

MRE-derived aortic stiffness used in this study is based on the waveguide principle which
was previously validated 24 25 27,29 Thjs principle justifiably allows estimating aortic
stiffness by considering waves propagating in the lumen along with the aortic wall. The
stiffness reported in this study is based on the wave speed propagating in the medium at the
given vibrating frequency. This is the first study to date that can non-invasively estimate in-
vivo spatial stiffness (along the length of the aorta) of AAA using MRE. The stiffness
measurements in normal volunteers reported in this study are comparable to those reported
in earlier studies 2427,

The wave propagation in the aorta is not planar and is oblique which is associated with
waveguide effect based on the geometry of the aorta. Therefore, the oblique wave
propagation in the aorta causes 2D inversion to overestimate the wavelength thereby causing
stiffness values to be considerably higher than 3D stiffness measurements, which was also
demonstrated earlier in estimating liver 39 and myocardial stiffness 1°. This was also
confirmed in this current study.

No adverse effects or discomfort were reported by the subjects (i.e. even in a subject >10cm
AAA) due to the pressure generated by the pneumatic driver, even at maximum driver
pressures beyond necessary for the study. The driver used in this study is FDA approved for
staging liver fibrosis and the vibrations generated using this driver are below the limits set by
the European Union 49,

There are some limitations in this study. MRE-derived stiffness measurements are not
absolute as they are derived based on the wave speed of the propagating wave. We did not
account for the variation in arterial stiffness throughout the cardiac cycle, but rather, reported
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stiffness at a point of the cardiac cycle. It would be useful to measure stiffness during the
diastolic and systolic phase of the cardiac cycle using a cardiac gated MRE sequence to
determine the influence of aortic pressure on stiffness estimates. Stiffness within AAAs vary
spatially, but in this study the entire AAA has been considered as one ROI to report the

mean stiffness. Also, we did not account for asymmetry of the aneurysms. The above
limitations will be addressed in our future studies. Due to the lack of a standard calcium
scoring procedure in the aorta, the coronary calcium scoring procedure was adopted to
report the amount of calcium. Additionally, no significant correlation between AAA stiffness
and calcium score was observed and may be attributed to small cohort (i.e. n=11) who had
clinical CT data available for calcium scoring without stent. To achieve a Spearman
correlation of 0.4 (i.e. between stiffness and other parameters) with 85% power a total of 37
patients are required; and currently, we have 65% power to detect a correlation of 0.4. Due
to the small cohort, this study has not accounted for gender differences or other demographic
factors beyond hypertension. Despite the small sample size and the aforementioned
limitations, the AAA stiffness measurements are significantly higher than normal aorta
stiffness measurements.

In conclusion, our initial observations suggest no correlation between AAA wall stiffness
and diameter. Furthermore, our results suggest that AAA wall stiffness may provide
additional information independent of AAA diameter, which may contribute to our
understanding of AAA pathophysiology, biomechanics, and risk for rupture. Indeed, the
findings described here may explain why some small AAAs (i.e. <5 cm) still rupture or why
other larger AAAs remain stable. More longitudinal studies are further warranted in order to
determine a AAA stiffness threshold to determine the risk for rupture. If the critical
threshold of AAA stiffness (at which point the risk of rupture increases substantially) is
elucidated, the use of MRE can potentially lead to personalized aneurysm care by using each
individual patient's aortic wall stiffness trends to assess the rupture risk in addition to AAA
diameter.
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MRE Analysis

First, the MRE wave data was processed using a 2D Butterworth bandpass filter with cutoff
values of 1-40 waves/FOV and a directional filter with 8 directions to remove the
longitudinal and reflected waves, respectively 24, Then the first harmonic displacement field
was processed to yield effective 2D and 3D MRE-derived shear stiffness maps of the
abdominal aorta using a local-frequency estimation (LFE) inversion algorithm as described
previously 24 27,
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Schematic of MRE driver setup. Passive driver is placed on the abdomen. Sound waves are
non-invasively transmitted to the passive driver via active driver through a plastic tube into

the subject's abdomen.
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Dia:5cm

Figure 2.
(A): Sagittal magnitude image with contour (red) outlining aorta in one of the subjects. (B-

E): Snapshot of wave propagation at four points in time. (F): Weighted stiffness map from
X, ¥, and z encoding directions with a mean stiffness value of 21.1+4.2 kPa at the area of
aneurysm (dashed white circle). (G-1): Sagittal magnitude images and their corresponding
stiffness maps for three subjects with aneurysm diameters of 5 cm, 4.5 cm, and 3 cm and
mean stiffness values of 10.3 kPa, 28.1 kPa, and 12.2 kPa, respectively. It can be observed
that in subjects with same AAA diameters the stiffness values are different.
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Figure 3.
A) Shows that 2D AAA stiffness measurements are significantly (p-value<0.0001) higher

than 3D AAA stiffness measurements. B) Shows the plot of 3D AAA stiffness vs 2D AAA
stiffness with a spearman correlation coefficient of 0.48 with a significant p-value of 0.02.
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Figure 4.
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A) Plot of AAA stiffness (2D, 3D) as a function of AAA diameter showing no significant
spearman correlation coefficient of 0.16(2D) and -0.18(3D) with a p-value>0.4. B) Plot of
ratio of stiffness as a function of ratio of diameter in AAA region to that of remote normal
caliber aorta with in the same patient. No significant spearman correlation coefficient 0.1
(2D) and 0.03 (3D) was found with a p-value >0.6.
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Figure 5.
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A) Box plot showing significant difference between three stiffness groups (2D) i.e. AAA,
AAA remote normal and healthy normal aortas. B) Shows significant difference (p-
value<0.0001) in 3D stiffness measurements between AAA region and remote normal aorta

in AAA patients.
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Figure 6.
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A) Plot of AAA stiffness as a function of %thrombus area showing no significant correlation
-0.01 (2D) and -0.39 (3D) with a p-value >0.07. B) Plot of AAA stiffness as a function of
% thrombus diameter showing no significant correlation —0.007 (2D) and —0.42 (3D) with a

p-value >0.05.
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A) Plot of AAA stiffness as a function of calcium score in the AAA region showing no
significant correlation —0.26 (2D) and 0.25 (3D) with a p-value >0.43. B) Plot of remote
normal caliber aorta stiffness in AAA patients as a function of calcium score in the remote
region showing no significant correlation —0.22 (2D) and —0.45 (3D) with a p-value >0.2.
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Figure 8.
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Plot of AAA stiffness (2D, 3D) as a function of mean arterial pressure showing no
significant spearman correlation coefficient of —0.26(2D) and —0.21(3D) with a p-value>0.2.
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