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Abstract

Purpose—To determine the correlation in abdominal aortic stiffness obtained using magnetic 

resonance elastography (MRE) (μMRE) and MRI-based pulse wave velocity (PWV) shear stiffness 

(μPWV) estimates in normal volunteers of varying age; and also to determine the correlation 

between μMRE and μPWV.

Methods—In-vivo aortic MRE and MRI were performed on 21 healthy volunteers with ages 

ranging from 18 to 65 years to obtain wave and velocity data along the long-axis of the abdominal 

aorta. The MRE wave images were analyzed to obtain mean stiffness, and the phase contrast 

images were analyzed to obtain PWV measurements and indirectly estimate stiffness values from 

Moens-Korteweg equation.

Results—Both μMRE and μPWV measurements increased with age, demonstrating linear 

correlations with R2 values of 0.81 and 0.67, respectively. Significant difference (p≤0.001) in 

mean μMRE and μPWV between young and old healthy volunteers was also observed. Furthermore, 

a poor linear correlation of R2 value of 0.43 was determined between μMRE and μPWV in initial 

pool of volunteers.

Conclusion—The results of this study indicate linear correlations between μMRE and μPWV with 

normal aging of the abdominal aorta. Significant differences in mean μMRE and μPWV between 

young and old healthy volunteers were observed.
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Backgroung

Arterial (aortic) stiffness is a well-recognized pathophysiological change that is altered due 

to various cardiovascular diseases including atherosclerosis (1-3). While many factors 

contribute to stiffening of arteries, aging is one of the most important causes (4). Presence of 

other conditions (e.g. systemic arterial hypertension), may exacerbate the process of arterial 

stiffening, independently or in conjunction with aging (4,5). Early detection of arterial 

stiffness could potentially impact the management and patient outcomes.

Currently, many techniques, both invasive (6-8) and non-invasive (9-11), are used clinically 

for the assessment of arterial stiffness, such as in the setting of systemic arterial 

hypertension. Techniques such as pulse tonometer, ultrasound-based and magnetic 

resonance imaging (MRI)-based measurement of pulse wave velocity (PWV) are commonly 

used methods among non-invasive modalities to estimate the stiffness of the aorta. These 

techniques provide indirect global measurements of stiffness (7,11-13). PWV measurement 

using pulse tonometer is based on peripheral pulse pressure, which is a poor reflection of 

central aortic pressure (11,14,15). Similarly, ultrasound-based and MR-based methods 

require estimation of aortic wall thickness and diameter for indirect measurement of aortic 

stiffness using Moens-Korteweg equation (11).

Magnetic resonance elastography (MRE) is a non-invasive phase contrast technique to 

determine stiffness by visualizing propagating waves in soft tissues (16-21). MRE is a three-

stage process. In the first stage, vibrations are induced in the region of interest. Second, 

these vibrations are synchronized with the motion encoding gradients (MEG) to encode the 

external motion in the phase of an MR image, generating wave images. Finally, these wave 

images are mathematically converted to stiffness maps through a process known as 

inversion (16,22). Abdominal aortic MRE was initially described and used to compare aortic 

stiffness in the normotensive and hypertensive patients (3).

The aims of the study are to determine the correlations of both MRE-derived shear stiffness 

(μMRE) and MRI-based PWV shear stiffness (μPWV) measurements of the abdominal aorta 

in normal volunteers of varying ages and also to determine the correlation between μMRE 

and μPWV measurements.

Materials and Methods

In-vivo aortic MRE and MRI were performed on 21 healthy volunteers of age ranging from 

18 to 65 years (average age: 36.5±15.3; male : female = 11 : 10) after approval of the 

institutional review board and obtaining written informed consent.

Image Acquisition

All imaging was performed using a commercially available 3 Tesla MRI system (TIM Trio, 

Siemens Healthcare, Erlangen, Germany). The volunteers were laid in the supine position 

and placed head first in the scanner. External vibrations were induced in the abdominal aorta 

using a pneumatic driver system by placing the passive driver just inferior to the 

xiphisternum as shown in figure 1 (3). The pneumatic driver system consists of two parts; an 
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acoustic speaker also known as active driver, and a passive driver. The active driver is 

placed outside the scan room. The passive driver and active driver are connected through a 

plastic tube to send the 60Hz vibrations into the abdominal aorta as shown in figure 1.

Gradient recalled echo MRE (23) and phase contrast (PC)-MRI (24,25) sequences were 

performed to obtain wave and velocity data on the same sagittal slice of the aorta. The 

imaging parameters for MRE included: TE/TR = 21.3/25 ms, acquisition matrix = 128×64, 

FOV = 40 cm, slice thickness = 5 mm, flip angle = 16°, temporal resolution = 25ms, 

GRAPPA acceleration factor = 2 with 24 reference lines collected in the same scan and a 

MEG of 60Hz was applied separately in the x, y, and z direction. 4 MRE time offsets were 

collected to obtain the propagating waves in the aorta during a breathhold of 11 sec. The 

imaging parameters for the PC-MRI included: TE/TR = 2.1 /9.1 ms, venc = 150 cm/s, 

acquisition matrix = 192×144, FOV = 30×40 cm2, slice thickness = 5 mm, flip angle = 15°, 

number of cardiac phases = 128, GRAPPA acceleration factor = 2 with 24 reference lines 

collected in the same scan, number of averages = 2 and lines per segment = 15. PC-MRI 

images were acquired using retrospective gating under free breathing.

A T1-weighted–Sampling Perfection with Application of optimized Contrasts using 

different flip angle Evolution (T1w-SPACE) sequence (26) was performed to obtain high 

spatial resolution images to determine diameter and thickness of the abdominal aorta. The 

acquisition parameters for the T1w-SPACE included: TE/TR = 21/600 ms, echo spacing = 

3.4 ms, FOV = 27.1×32 cm2, slice thickness = 1.1mm, acquisition matrix = 246×304, 

GRAPPA acceleration factor = 2 with 24 reference lines collected. The images were 

acquired using cardiac triggering and respiratory navigated acquisition. The heart rate during 

the above acquisitions for all the volunteers was in the range of 52-96 bpm.

Image Analysis

The sagittal images were masked to obtain the major portion of the abdominal aorta for both 

MRE and PC-MRI data analysis. However, the PC-MRI sagittal images were masked using 

a threshold limit to obtain the major portion of the abdominal (24), whereas in MRE the 

sagittal images were masked manually to obtain major portion of the abdominal aorta which 

included both the aortic wall and lumen (3). Then, MRE wave images were analyzed using 

MRE-Lab (Mayo Clinic, Rochester, MN) by applying local frequency estimation (LFE) 

inversion algorithm to obtain the shear stiffness of the aorta, μMRE (27,28). In LFE, the 

wave images were filtered using Butterworth band pass filter to remove the longitudinal 

component of motion and directionally filtered in 8 directions to remove the reflected waves 

(3). Then the first harmonic component of the displacement field was processed to obtain the 

stiffness map. Finally, an erode function in Matlab (Mathworks, Natic, MA) was used to 

erode the edges of the stiffness map by three pixels to avoid the errors at the edges caused 

by the MRE inversion algorithm. The mean effective shear stiffness and standard deviation 

(SD) were automatically calculated and reported using Matlab. Furthermore, additional 

MRE shear stiffness measurement was calculated by incorporating the thickness and inner 

radius of the abdominal as described by (29), which reported Et product, where E is the 

Young's modulus and t is the thickness of the aorta. In this study, E was converted to shear 

stiffness (μ) using equation 1 by assuming aorta (soft tissue) to be incompressible (i.e. 
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Poisson's ratio (υ) = 0.5) and rewrote the equation to report μ instead of μt. Therefore, this 

new MRE shear stiffness measurement obtained by using thickness of the aorta is termed as 

μMREt.

(1)

The PC-MRI phase images were analyzed using custom-built software in Matlab to obtain 

the PWV measurements (5,24,30). In this process, first, the velocity profile is tracked along 

the major length of the aorta as shown in figure 2b. Second, the foot of the velocity profile is 

tracked at all locations along the length of the aorta. Figure 2(c, d) shows an example of the 

foot of the velocity profile tracked at locations in the aorta. Then the time taken by the foot 

of the velocity profile from one location to the other is tracked to plot the distance versus 

time; the slope of this plot provides the PWV. The detailed description of this PWV analysis 

was described elsewhere (24) in which the peak of the velocity profile was tracked, whereas 

the current method tracks the foot of the velocity profile. Furthermore, the high spatial 

resolution images were analyzed to determine diameter and thickness of the abdominal aorta 

at five different locations to obtain mean measurements, which were then plugged into 

Moens-Korteweg equation to estimate E. Then the Young's modulus was converted to shear 

stiffness as explained earlier to report μPWV.

Statistical Analysis

A least squares linear regression was performed between μMRE and age; MRI-based PWV 

measurements and age; μPWV and age; μMRE and μMREt; μMRE and μPWV to determine the 

linear correlations. Analysis of variance (ANOVA) was performed using JMP10 (, SAS 

Institute Inc., Cary, NC) to test the linear association between the above described variables 

and a p-value <0.05 was considered to be significant. Volunteers were separated into two 

age group's i.e. young healthy volunteers (ages 18-40yrs) and old healthy volunteers 

(41-65yrs) based on previous studies (31-33). Student's t-test with unequal variance was 

performed to determine any significant difference (p<0.05) in μMRE between younger (ages 

18-40yrs) and older healthy volunteers (ages 41-65yrs). Similarly, Student's t-test with 

unequal variance was performed to determine any significant difference (p<0.05) in MRI-

based mean PWV values and in μPWV between younger (ages 18-40yrs) and older healthy 

volunteers (ages 41-65yrs).

Results

Greater mean aortic stiffness characterized old healthy volunteers. Figure 3 shows the 

magnitude image with a red contour delineating the abdominal aorta both in a younger 

healthy volunteer and an older healthy volunteer (a; g), as well as the corresponding 

snapshot of propagating in-plane waves (b-e; h-k) and MRE-weighted stiffness map from 

three encoding directions using the LFE inversion algorithm (f; l). The mean stiffness values 

in the younger volunteer and in the older volunteer shown in figure 3 were 4.0±0.9 kPa, and 

7.4±2.1 kPa, respectively.
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Greater aortic velocity also characterized old healthy volunteers. Figure 4 shows the plots of 

distance versus time of the foot of velocity profiles tracked in the aorta to estimate PWV in a 

younger healthy volunteer with a PWV of 4.15 m/s (a), and in an older healthy volunteer 

with a PWV of 6.96 m/s (b).

MRE-derived stiffness (μMRE) and PWV linearly increased with age. Figure 5(a) shows the 

plot of μMRE as a function of age, demonstrating linear correlation with an R2 value of 0.81, 

p<0.0001. Also from figure 5(a), we could clearly see the separation of stiffness values 

between young and old healthy volunteers indicated by red and green lines. Similarly, 

Figure 5(b) shows the plot of MRI-based PWV as a function of age with linear correlation of 

R2=0.65, p<0.0001 and a clear separation of PWV measurements between young and old 

healthy volunteers indicated by red and green lines. Figure 5(c) shows the plot of μPWV as a 

function of age with a linear correlation of R2=0.67, p<0.0001 and a clear separation of 

μPWV stiffness values indicated by red and green lines.

Poor linear correlation was found between μMRE and μPWV, however, a very strong linear 

correlation was determined between μMRE and μMREt. Figure 6 shows the plot of μMRE and 

μPWV with a relative poor linear correlation of R2=0.43, p<0.001 in comparison to other R2 

values. Figure 7 shows the plot of μMRE versus μMREt showing a very strong linear 

correlation of R2 = 0.95, p<0.0001. This correlation indicates that μMRE can be used as an 

indicator of measuring MRE-derived aortic stiffness, which does not require the 

measurements of inner radius and thickness of the aorta.

The mean μMRE from all young healthy volunteers (4.5±0.6 kPa) is significantly lower 

(P=0.0004) than all old healthy volunteers (7.98±1.6kPa) (figure 8). Similarly, the mean 

MRI-based PWV from all young healthy volunteers (4.4 m/s) is significantly lower 

(P=0.001) than all old healthy volunteers (6.16 m/s) demonstrating significant difference 

(figure 8). The mean μPWV from all young healthy volunteers (71.8 kPa) is significantly 

lower (P=0.0005) than all old healthy volunteers (163.6 kPa) (figure 8).

Discussion

This study demonstrates that μMRE, MRI-based PWV, μPWV increased linearly with increase 

in age and showed significant difference in μMRE, PWV, and μPWV between young (i.e. 

lower) and old healthy (i.e. higher) volunteers. A poor linear correlation was shown between 

μMRE and μPWV measurements.

The current MRE technique estimates the stiffness of the aorta based on the waveguide 

principle of propagation of external waves in the lumen, which was explained and validated 

earlier (1,3,29,34,35). We acknowledge that the shear waves are not supported by the fluids, 

however, because of the waveguide effect, when an aorta is vibrated; the aortic wall and the 

adjacent blood vibrate with the same frequency causing motion in the blood and are encoded 

by the MRE motion encoding gradients. Therefore, aortic wall and resulting motion of the 

adjacent blood in the lumen are used in the analysis of MRE. Hence, processing the waves 

in the lumen provides the stiffness map, which thus reflects the stiffness of the aortic wall. 
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Therefore, eroding three pixels (described in image analysis section) at the edges should not 

affect our stiffness estimates, since we are measuring stiffness in the lumen.

Stiffness (i.e. square of the wave speed) of the aorta is frequency dependent because of the 

viscoelastic behavior. In our current study, external vibration was applied at 60Hz and the 

results agree with previously reported aortic stiffness measurements (3) in humans. While 

ex-vivo studies (1,35,36) performed in animal aortas have reported higher stiffness values; 

these studies differed in following aspects when compared to current study in 1) excitation 

frequencies (greater than or equal to 100Hz), 2) likely reflecting changes in the mechanical 

properties from formalin fixation.

The current study uses a MRI-based technique to determine the PWV of the aorta, so that 

MRE-derived stiffness measurements and PWV can be performed in the same scan. There 

are different ways to analyze the PC-MRI phase images to obtain PWV (24,36). However, in 

this study, the foot of the velocity profile was tracked along different locations of the aorta 

to obtain PWV (5,30). Clinically, PWV is measured using pulse tonometer (11) based on 

peripheral pulse pressure, which is a poor reflection of central aortic pressure. The current 

analysis to obtain PWV using MRI is consistent with previously published results (37,38). 

However, it is known that PWV is influenced by variation in the heart rate (39) and is 

usually higher in the old people; but in this study (i.e. in this small cohort of volunteers) we 

did not find any correlation in increase in heart rate with increase in age. Therefore, our 

PWV measurements are not influenced by heart rate; however, the measurements are 

influenced by the intrinsic changes in the aorta. The major advantage in this study is that 

MRE and MRI-based PWV were performed at the same time avoiding the influence of 

variation in physiologic conditions or other parameters on stiffness measurements.

MRE-derived shear stiffness and MRI-based PWV shear stiffness measurements 

demonstrated poor linear correlation, as the two techniques are different. As mentioned 

earlier, aorta is viscoelastic; stiffness and PWV are frequency dependent. MRE-derived 

stiffness measurements were obtained at 60Hz, whereas MRI-based PWV measurements 

were obtained approximately at 1Hz (i.e. heart cycle). Furthermore, Moens-Korteweg's 

equation (11) is required to indirectly estimate the global stiffness of the aorta from PWV, 

which requires diameter and thickness of the aorta as an input. As known, the thickness and 

diameter of the aorta varies spatially and requires high spatial resolution scans, and an error 

in estimation of these parameters can corrupt the stiffness estimates. Therefore, we have 

estimated radius and thickness of the aorta at five different locations to report the mean 

measurements and estimated the μPWV. However, both the methods (i.e. μMRE and μPWV) 

independently showed linear correlation with increase in age and also demonstrated 

significant difference in μMRE and μPWV measurements between young and old healthy 

volunteers. Moreover, μMRE measurements showed greater correlation with increase in age 

as compared to μPWV measurements.

There are several limitations in this study. MRE does not provide an absolute measure of 

aortic stiffness. Also, aortic MRE performed in this study is two dimensional and measured 

from single slice data. The wave propagation in the aorta is not planar which is associated 

with waveguide effect based on geometry of the aorta; therefore, would require three-
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dimensional (3D) data to estimate the true stiffness of the aorta. 3D volumetric data or 2D 

multi-slice data acquisition with isotropic resolution requires longer scan time and might 

become difficult for the patient to tolerate. Furthermore, μMRE estimates obtained from all 

volunteers are averaged across 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 pressure on stiffness estimates. Despite these 

limitations, μMRE increased linearly with age and demonstrated good correlation as function 

of age and showed significant difference in μMRE stiffness between young and old healthy 

volunteers as demonstrated by μPWV measurements.

Future work will incorporate 3D data acquisition using a navigator based MRE sequence, 

which is currently under investigation to perform 3D inversion to obtain stiffness of the 

aorta. Furthermore, a cardiac gated sequence is also being investigated to estimate the 

stiffness of the aorta at different phases of the cardiac cycle to determine the influence of 

pressure on stiffness. Additionally, more studies will be performed in different aortic disease 

states such as aortic aneurysm, cystic medial necrosis (e.g. Marfan syndrome), hypertension 

etc. to establish the validity of MRE technique by comparing against current clinical 

standard techniques.

In conclusion, we have demonstrated that MRE-derived shear stiffness values, MRI-based 

PWV, and MRI-based PWV shear stiffness measurements increased linearly with increase 

in age. Additionally, we showed significant difference in MRE-derived stiffness, MRI-based 

PWV, and MRI-based PWV shear stiffness measurements between young and old healthy 

volunteers. However, a poor linear correlation was observed between μMRE and μPWV 

stiffness values.
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Figure 1. 
Schematic of the pneumatic driver system. Sound waves are non-invasively transmitted to 

the passive driver through the plastic tube and into the abdominal aorta.
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Figure 2. 
Shows the steps involved to estimate the PWV. (a) PC-MRI phase image at a particular 

phase of the cardiac cycle. (b) The red line indicates the major portion of the aorta that has 

been selected in the phase images of the PC-MRI data to determine the PWV. (c) Shows the 

foot of the velocity profile being tracked in the aorta with red asterisk showing an example 

at one of the locations. (d) Shows corresponding velocity profile at the asterisk location in 

one of the volunteers.
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Figure 3. 
(a, g) Sagittal magnitude image with contour (red line) delineating the abdominal aorta in a 

young and in an old healthy volunteer respectively. Young Healthy Volunteer: (b–e): 
Snapshots of the four phases of the propagating waves. (f): The weighted stiffness map from 

x, y, and z encoding directions with a mean shear stiffness of 4.0±0.9 kPa. Old Healthy 
Volunteer: (h–k): Snapshots of the four phases of the propagating waves. (l): The weighted 

stiffness map from x, y, and z encoding directions with a mean shear stiffness of 7.4±2.1 

kPa.
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Figure 4. 
Plots of distance along the aorta (where foot of the velocity profile is tracked from one 

location to the other) as a function of time. (a) The slope from the plot provides PWV of 

4.15m/s in a young healthy volunteer. (b): The slope from the plot provides PWV of 

6.96m/s in an older healthy volunteer.
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Figure 5. 
(a) Plot of MRE-derived stiffness (μMRE) as a function of age with a linear correlation of R2 

value of 0.81. (b) Plot of MRI-based PWV as a function of age with a linear correlation of 

R2 value of 0.65. (c) Plot of the PWV based stiffness (μPWV) as a function of age with a 

linear correlation of R2 value of 0.67. The red and green lines show clear separation of 

stiffness measurements between young and old healthy volunteers.
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Figure 6. 
The plot of MRE-derived stiffness (μMRE) versus PWV based stiffness (μPWV) with a poor 

linear correlation of R2 value of 0.43.
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Figure 7. 
Plot of MRE-derived stiffness (μMRE) versus MRE shear stiffness measurement obtained by 

using thickness of the aorta (μMREt) demonstrating a very strong linear correlation of R2 

value of 0.95.
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Figure 8. 
Box plot of mean MRE-derived shear stiffness (μMRE), mean PWV, and mean MRI-derived 

PWV shear stiffness (μPWV), from all young and old healthy volunteers with error bars 

representing one standard deviation. The mean μMRE measurement from all young healthy 

volunteers is significantly lower (p=0.0004) than that of old healthy volunteers. Similarly, 

the mean PWV and mean μPWV showed a significant difference of p≤0.001 between young 

and old healthy volunteers.
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