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Abstract
Magnetic resonance elastography (MRE) is a noninvasive phase-contrast technique for estimating
the mechanical properties of tissues by imaging propagating mechanical waves within the tissue.
In this study, we hypothesize that changes in arterial wall stiffness, experimentally induced by
formalin fixation, can be measured using MRE in ex vivo porcine aortas. In agreement with our
hypothesis, the significant stiffness increase after sample fixation were clearly demonstrated by
MRE and confirmed by mechanical testing. The results indicate that MRE can be used to examine
the stiffness changes of the aorta. This study has provided evidence of the effectiveness of using
MRE to directly assess the stiffness change in aortic wall. The results offer motivation to pursue
MRE as a noninvasive method for the evaluation of arterial wall mechanical properties.
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1. Introduction
In recent years, great emphasis has been placed on the role of arterial stiffness in the
development of cardiovascular diseases. Increased arterial stiffness has been found to be
associated with increased morbidity and cardiovascular mortality in hypertensive patients
[1,2]. Arterial walls stiffen with age. The most consistent and well-reported changes with
age are luminal enlargement with wall thickening (remodeling) and stiffening at the level of
large elastic arteries, namely arteriosclerosis [3]. Histologically, arteriosclerotic changes are
recognized by alterations in the media. The principal structural change with aging is medial
degeneration, which leads to progressive stiffening of the large elastic arteries [4]. Stiffening
of large arteries results in various adverse hemodynamic consequences. Decreased
compliance of the central vasculature alters arterial pressure and flow dynamics and impacts
cardiac performance and coronary perfusion [5].
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As arterial stiffness has been established as a cardiovascular risk factor, it has also emerged
as a potential target for intervention. It is conceivable that reduction of arterial stiffness may
become a major primary goal of treatment in particular patients at risk of cardiovascular
disease [3]. There are a large number of studies reporting changes in arterial stiffness after
various interventions, both pharmacological and nonpharmacological [5,6]. Early detection
of arterial stiffness is important to better identify those at higher risk for subsequent
cardiovascular outcomes and to modify their clinical course by utilizing appropriate medical
and behavioral interventions. There is a need for a reliable, noninvasive method of detecting
early disturbances in arterial stiffness at a time when therapeutic intervention is most
beneficial.

The mechanics of the dynamic fluid-filled soft structure of the arteries are poorly understood
and a major challenge for current techniques designed to assess arterial wall stiffness.
Several noninvasive methods are currently used to assess arterial stiffness, the primary
methods involving measurements of pulse wave velocity (PWV) or the augmentation index
(AI). The main limitation of PWV and AI interpretation is that they are influenced by blood
pressure. Reproducibility and operator dependence are barriers to their wide clinical use [4].
Hence, direct measurement of aortic elasticity is not readily available and no diagnostic gold
standard has been established so far.

Two MR-based methods, phase-contrast MR angiography and MR elastography (MRE),
have been used to evaluate the mechanical properties of the arterial wall. The feasibility of
MR angiographic methods for the estimation of the time-dependent elastic modulus of
healthy arteries using measurements of blood velocity during the cardiac cycle has been
reported [7]. MRE is a noninvasive phase-contrast technique for estimating the mechanical
properties of tissues by imaging propagating mechanical waves within the tissue. MRE has
been applied to quantitatively assess the viscoelastic properties of many human tissues in
vivo, including breast, brain, muscle, and liver by producing shear waves in these tissues [8–
11].

Prior studies have shown MRE has the potential to evaluate the elastic properties of vessel
walls using measurements of mechanical wave propagation in the fluid near the vessel walls
[12,13]. Woodrum et al. reported the measurement of the elastic properties of ex vivo
porcine aortas in control and hypertensive animals using MRE. The Young’s modulus-wall
thickness product, a reflection of vascular stiffness, was higher in the hypertension group
than in the control group (0.571 ± 0.080 vs. 0.419 ± 0.026 kPa-m) [14]. It is not clear that
this change was due to changes in Young’s modulus or due to changes in the arterial wall
thickness as there is an increase in intima and media thickness in hypertensive aortas. In this
study, we hypothesize that changes in arterial wall stiffness itself, experimentally induced by
formalin fixation, can be measured using MRE in ex vivo porcine aortas.

2. Materials and methods
2.1. Ex vivo porcine aorta

Five ex vivo porcine aortas were obtained from seven-month-old male domestic healthy pigs
(105–136 kg) within 15 minutes of slaughter from a local commercial slaughterhouse. The
aortas were immersed in 0.9% saline solution and preserved at room temperature prior to
examination. A part of connective tissue was removed from the outside of the aorta and the
side branches were tied off. The thickness and diameter of the aortas were measured with
digital calipers. The length of the porcine aortas was approximately 20 cm with a diameter
of approximately 11 mm and wall thickness of approximately 1.5 mm. Each fresh aorta was
inserted into a single-channel transmit-receive (T/R) MR head coil under static pressure (20
mm of mercury) filled with normal saline. An electromechanical driver was applied to the
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vessel wall to generate mechanical waves within the aortas. The aortas were imaged using
MRE. At the time of preparation, a small segment of the aorta (2.5 cm long) was also cut out
for biomechanical testing. The biomechanical tests were performed at the same time as the
MRE scans. The total time from death of the animal to completion of all examinations on
the fresh aortas was approximately three to six hours. After the first MRE scan and
biomechanical test, each individual aortic sample was immersed in 10% neutral buffered
formalin (NBF) (Fisher Scientific Company L.L.C. Kalamazoo, MI) for 6 days. The initial
volume ratio of formalin to tissue was 20:1. All aortic samples became stiff after formalin
fixation. The fixed aortic samples were reexamined using the same MRE protocol and
biomechanical test at room temperature.

2.2. Magnetic resonance elastography
For all experiments, imaging was performed on a 1.5-T whole-body imager (GE Medical
Systems, Waukesha, WI, USA) utilizing a single-channel T/R head coil. A two-dimensional
gradient-echo MRE sequence was used for imaging with motion-sensitizing field gradients
that were synchronized with the propagating mechanical waves to encode tissue
displacement into the phase of the image data (15). Data acquisition parameters included the
following: one slice of 5-mm thickness, 100-ms repetition time (TR), 256 × 64 acquisition
matrix which was interpolated to a 256 × 256 matrix, 30° flip angle, and FOV of 35 cm.
Five pairs of motion-encoding gradients were applied in the vertical direction. The porcine
aorta filled with normal saline was inserted into the head coil with an electromechanical
driver connected to the vessel wall. The electromechanical driver consisted of a coil of wire
attached to the surface of one end of a rectangular plate of semirigid plastic. The other end
of the rectangular plate was connected to a custom frame that was secured to the top of the
head coil. A plastic rod was attached to the end of the rectangular plate closest to the driver
coil. Alternating current at the desired frequency of vibration was applied to the coil via a
function generator and amplifier triggered by the imaging sequence. This current created a
magnetic field orthogonal to the main magnetic field of the scanner that caused the driver to
try to align itself with the main magnetic field, thus deflecting the plate and causing the rod
to oscillate vertically. The vertical motion was transmitted to the aortas via the rod and
caused harmonic mechanical waves to propagate longitudinally along the aortic wall. The
pulse sequence and experimental driver setup is shown in Figure 1. The imaging plane was
along the longitudinal axis of the vessel. The motion trigger was adjusted during the scan to
obtain images at 4 different phase offsets between the motion and the motion-encoding
gradients equally spaced over one cycle of the motion. Because the wall of the aorta was too
thin to be reliably imaged, the motion of the fluid adjacent to the vessel wall was used as a
surrogate measure of the vibrations in the wall itself. The wavelengths in the fluid were
calculated using peak-to-peak measurements of the propagating waves. The experiments
were conducted using vibration frequencies of 200Hz. Preprocessing of the data consisted of
unwrapping the phase (displacement) data, Fourier transforming the displacement data
through the time offsets to extract the motion at the fundamental frequency of the vibration,
and directional filtering to isolate wave propagation occurring along the vessel [16]. The
wavelength of the motion was measured in the directionally filtered wave images. The
reader who processed the MRE data was blinded to the results of mechanical testing. The
mean Young’s modulus was calculated using the following expression, which was
developed previously [12].

(1)
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where E is the Young’s modulus, t is the wall thickness of the aorta, ai is the interior aorta
radius, ρ is the density of the interior fluid, λ is the wavelength, and f is the frequency of
dynamic excitation.

2.3. Mechanical testing
The specimens of fresh and fixed aortas were mounted in a MTS 312 servohydraulic testing
machine (MTS, Eden Prairie, MN) for uniaxial tensile testing. The width and thickness of
the specimen strip and the slack length between the grips at the two ends were measured
prior to testing. Each specimen was preloaded to 0.1 N, and then stretched at a rate of 2 mm/
min. Samples were kept moist during testing with normal saline. Load and displacement
data were collected at a sampling rate of 20Hz. Young’s modulus was calculated from the
linear regression of tensile stress and strain curve at 5–50% strain range.

2.4. Statistical analysis
Continuous data were expressed as mean ± standard deviation. The Young’s modulus of ex
vivo porcine aortas before and after formalin fixation both from MRE and mechanical
testing were compared using paired Student’s t-test. A least-squares linear regression
analysis was performed to compare the results of MRE with biomechanical testing. A p
value less than 0.05 was considered to indicate a statistically significant difference.
Statistical software (JMP 8.0; SAS, Cary, NC, USA) was used to perform the statistical
analysis.

3. Results
The propagating waves were well visualized in all of the aortas. Wavelength differences
were observed between fresh and fixed aortas. The attenuation of the mechanical waves is
apparent in the regions distant from the wave source and is more significant in the fresh
aortas than in the fixed ones (Fig. 2). When no external motion is applied, no discernible
waves were seen.

The mean thickness of the fresh aortas was 1.46 ± 0.09 mm while the fixed aortas were 1.51
± 0.08 mm. The mean luminal diameter of the fresh aortas was 11.5 ± 0.3 mm while the
fixed aortas were 11.0 ± 0.3 mm. The mean Young’s modulus of all of the fresh aortas for
MRE was 165.0 ± 12.3 kPa (range 149.2–176.8 kPa) while the fixed-aorta mean stiffness
was 491.3 ± 55.5 kPa (range 392.7–522.6 kPa). There was a significant increase in the
stiffness of the fixed aortas compared to the fresh aortas (p<0.001). Biomechanical testing
also demonstrated a significantly higher stiffness in the fixed aortas compared to the fresh
aortas (p < 0.001). The mean Young’s modulus of the fresh aortas from mechanical testing
was 202.4 ± 10.8 kPa (range 194.8–219.9 kPa) while the fixed-aorta mean stiffness was
2240.0 ± 406.8 kPa (range 1723.0–2690.0 kPa). The Young’s modulus of fresh and fixed
aortas obtained from MRE and mechanical testing are illustrated in Figure 3. Typical stress-
strain curves from the mechanical testing are shown in Figure 4. Regression analysis
revealed a strong linear relationship of Young’s modulus (r2=0.972, p<0.001) between MRE
and mechanical testing (Fig. 5).

4. Discussion
This study reports the mechanical properties of samples from five ex vivo porcine aortas
evaluated by MRE before and after formalin fixation. In agreement with our hypothesis, the
significant stiffness changes after sample fixation were clearly demonstrated by MRE and
confirmed by mechanical testing. The results indicate that MRE can be used to examine the
stiffness changes of the aorta.
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Magnetic resonance elastography is a novel MR-based imaging technique that noninvasively
determines in vivo tissue stiffness [15,17]. MRE uses conventional MR imaging techniques
with a superimposed oscillating motion-sensitizing gradient (usually in the frequency range
of 50–500 Hz) to detect displacements produced by a phase-coupled shear excitation source.
The shear wavelength is then used to calculate the material stiffness based on the principle
that a stiffer material has a longer wavelength because the shear wave travels faster through
the material [18]. It is well known that fluid does not support shear wave propagation, only
pressure waves. In water, the speed of acoustic pressure waves is as fast as 1500 m/s, and
the wavelength at the frequencies used for MRE is so long that MRE inversion algorithms
are invalid. Woodrum et al. modeled the blood-filled vessel as a thin-wall fluid-filled elastic
tube, where the displacement of the fluid due to motion of the vessel wall can be represented
as 1D plane waves propagating along the longitudinal axis with a much slower speed, which
makes it possible for MRE to measure the stiffness of the vessel [12]. These preliminary
experiments demonstrated that externally produced harmonic mechanical waves can be
clearly imaged with MRE in vessel models [12]. The wavelength at a constant frequency is a
direct reflection of wave velocity and should change with changes in the mechanical
properties of the vessel. Increased arterial stiffness results in an increased speed of wave
propagation in the aortic wall. To characterize the ability of MRE to measure the wave
velocity change within the thin-walled ex vivo vessel, and to demonstrate that the wave
velocity is dependent on the associated wall mechanical properties, we changed the aortic
wall stiffness by immersing the aortas into formalin while maintaining the morphology of
the samples.

Fixatives often alter the cells or tissues on a molecular level to increase their mechanical
strength or stability. This increased strength and rigidity can help preserve the shape and
structure of the sample as it is processed [19]. 10% NBF remains the primary fixative used
in clinical medicine. The usefulness of 10% NBF includes preventing extensive swelling or
shrinkage of tissue, and only “hardening” of tissues after fixation [20]. Formalin fixation can
decrease distensibility significantly in noncalcified arteries. Minimal changes of diameter of
aorta may occur after fixation [21]. The elastic properties of the arterial wall material are
estimated by Young’s incremental elastic modulus, which takes into account the thickness of
the arterial wall. From the aforementioned formula (1), the measured Young’s modulus-wall
thickness product is also related to the diameter of aortas. The potential small changes in the
diameter and thickness of the aortas after formalin fixation do not affect the conclusion of
this study since the changes in stiffness between fresh and fixed samples is far greater than
the range of error produced by these changes in size.

Calculation of Young’s modulus assumes homogeneity of the arterial wall. The wall,
however, is grossly inhomogeneous and thus the MRE and mechanical testing results
reported here represent an effective modulus of the composite structure. MRE stiffness
estimates using a finite elastic solid model can also be affected by multiple factors, including
boundary conditions, geometry, and the amount of axial tension [22]. In this study, there
was a strong linear relationship in Young’s modulus between MRE and mechanical testing.
However, the Young’s modulus values between MRE and mechanical testing in the same
sample were significantly different from each other. The substantial discrepancy between
MRE and mechanical testing can be explained by the significant differences in the protocols
and mechanical models used. For example, different geometrical sizes were used in the two
testing methods and fluid loading was present in the aortas during MRE. Vascular tissues
like the aorta exhibit nonlinear, anisotropic, frequency-dependent, and spatially nonuniform
elastic behavior. The MRE estimate was based on microscopic strains induced by dynamic
mechanical vibrations, whereas the mechanical test used much larger strains from quasistatic
tension. Both the MRE and mechanical testing techniques ignored the effects of anisotropy.
The wave propagation observed in MRE was due to the composite properties of the tissue,
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including the anisotropic properties, and only the wave speed along the length of the vessel
was measured. Therefore, the reported MRE stiffness is further limited by not accounting for
the truly 3D nature of the wave propagation and the geometry of the vessel. In the
mechanical tests, uniaxial tension was applied to the sample and thus the circumferential or
axial properties of the tissue were ignored.

The limitations of this study include relatively small sample size, the use of ex vivo aortic
tissue, use of porcine rather than human arteries, and the fact that measurements were
obtained in isobaric conditions, though the same static luminal pressure was applied during
MRE testing. We did not investigate the relationship between luminal pressure and wall
stiffness.

5. Conclusion
In this study, we examined ex vivo porcine aortas under isobaric conditions with the same
luminal pressure for fresh and fixed aortas using MRE. The results showed a highly
significant difference between fresh and fixed aortic stiffness using both MRE and
mechanical tensile testing. This study has provided evidence of the effectiveness of using
MRE to directly assess the stiffness change in aortic wall. The results offer motivation to
pursue MRE as a noninvasive method for the evaluation of arterial wall mechanical
properties without invasion of the artery itself. The application of this technique to in vivo
human arteries, such as the aorta and femoral arteries, will be the focus of future studies.
Further investigations will also include the feasibility of using MRE for studying arterial
wall stiffness in elderly populations with arteriosclerosis and patients with hypertension.
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Fig. 1. The pulse sequence and experimental driver setup
Schematic of a gradient-echo pulse sequence with an additional motion-sensitizing gradient
which can be applied along any axis. By adjusting the phase delay between the motion and
the motion-sensitizing gradients, the wave motion in the vessel can be imaged at different
time points (left). The schematic diagram of the experimental setup for MR elastography
shows the electromechanical driver in contact with a vessel. Vertical motion is transmitted
to the vessel and causes harmonic mechanical waves to propagate longitudinally along the
vessel wall (right)
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Fig. 2. MR Elastography of fresh and fixed ex vivo porcine aortas
Wave images at exciting frequency of 200 Hz obtained with MRE in the fresh aorta (upper
row) and the same sample after fixation (bottom row). The wavelength of the propagating
waves can be seen to be much longer in the fixed aorta. This reflects a much higher stiffness
value in the fixed aorta. The attenuation of the mechanical waves is more significant in the
fresh aortas than in the fixed ones. The wavelength is measured from line profiles, as
illustrated in the right column.
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Fig. 3. Comparison of Young’s modulus
The Young’s modulus of fresh and fixed aortas obtained from MRE and mechanical testing.
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Fig. 4. Typical stress-strain curves from the mechanical testing
A representative plot of stress-strain curves of fresh and fixed aortas, as obtained during
mechanical testing. Stiffness was calculated as the slope in the linear region.
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Fig. 5. Relationship between MRE and mechanical testing
A linear regression was performed between the MRE and mechanical testing Young’s
modulus measurements. A strong correlation was observed (p < 0.001).
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