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Abstract— The clinical assessment of the rupture risk of 

atherosclerotic plaque is made by imaging the reduction of the 
lumen; via ultrasound or angiography. It is known that this is 
an imperfect criterion and that other characteristics of the 
plaque, such as the change in mechanical properties, may be 
more relevant. Magnetic Resonance Elastography (MRE) is a 
novel imaging technique that measures tissue stiffness. 
Magnetic resonance imaging measures the tissue displacement 
in response to harmonic shear waves excited on the surface of 
the body by a vibrating actuator. The images of wave 
propagation are transformed into an image of stiffness using an 
inversion algorithm. A steady state analysis was conducted on a 
simulation of MRE shear waves propagating through an 
idealised atherosclerotic plaque. The variation of the 2D 
complex wave response was investigated with regards to 
stenosis size, lipid pool size and excitation frequency. The 
detectability of small lipid pools was shown to increase with 
frequency. However significant wave disruptions were 
observed at higher excitation frequencies. This study shall form 
the basis for future work on incorporating an inversion 
algorithm into the simulation. 
 
Index Terms—Atherosclerosis, finite element analysis, 

magnetic resonance elastography, plaque rupture, shear waves. 

I. INTRODUCTION 

ardiovascular disease (CVD) encompasses a wide range 
of debilitating and lethal pathologies including stroke, 

coronary heart disease, abdominal aortic aneurysms and 
heart failure. Twenty nine percent of mortalities in the world 
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and 38% in the UK are caused by CVD [1] and of these 
nearly three quarters have the underlying cause of 
atherosclerosis [2].  

The symptoms of atherosclerosis depend largely upon the 
affected artery. As the disease develops the plaque begins to 
form a stenosis; a narrowing of the lumen which affects the 
blood flow. The more serious consequences of 
atherosclerosis, stroke and heart attack, are caused by the 
rupture of these plaques restricting blood flow to the brain 
and heart respectively. The clinical diagnosis of 
atherosclerotic plaque severity is made by imaging the 
reduction of the lumen; via ultrasound or angiography. The 
percent stenosis of a plaque, as per the European Carotid 
Surgery Trail (ESCT), is calculated as the ratio of the 
minimum diameter of the stenosed artery to an estimate of 
the original width [3].  

A carotid endarterectomy is the standard surgical 
treatment for symptomatic carotid stenosis; it is considered 
beneficial for stenosis between 70% and 99% [4]. However 
it is widely accepted that using stenosis size as a criteria for 
surgery is imperfect diagnosis technique. The results of the 
ESCT show an absolute beneficial increase of surgery, for 
stenosis greater than 80%, of 11.6% [3]. Hence, 
approximately nine surgical interventions are conducted to 
ensure that one patient will be stroke free after 3 years [3].   

A large variety of research is focussed on improving the 
assessment of atherosclerotic plaque rupture risk; 
inflammation markers detected by magnetic resonance 
imaging (MRI) of ultra-small superparamagnetic 
nanoparticles of iron oxide [5], changes in plaque geometry 
imaged using multispectral MRI [6], estimation of plaque 
stress using image guided modelling [7] and changes in 
mechanical properties [8]. It is the imaging of mechanical 
properties which forms the basis behind this research.  

It has been established that there are intrinsic differences 
between stable and unstable plaques. Plaques which are 
vulnerable to rupture have a similar morphology; a thin 
fibrous cap over a large lipid pool core [9]. Plaque rupture 
depends upon the strength of the plaque withstanding the 
force from the blood flow [10]. With vulnerable plaque 
morphology, a large proportion of low stiffness lipid results 
in the forces from the blood flow being primarily supported 
by the fibrous cap; when the strength of this is exceeded the 
plaque ruptures [9]. Depending on the imaging technique, 
plaque composition can be detected to various degrees of 
resolution. However plaque strength cannot be accurately 
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determined by composition alone because the properties of 
the lipid and fibrous cap can vary [11], [12]. 

Magnetic Resonance Elastography (MRE) combines MRI 
with elastography; a tissue elasticity imaging technique. MRI 
has high spatial and temporal resolution, which is ideally 
suited to measuring tissue displacement in response to 
propagating harmonic waves in the range of 10-1000Hz 
[13]. MRE uses phase contrast MRI to capture the steady 
state propagation of the waves through the tissue at a series 
of time offsets corresponding to a fraction of the excitation 
frequency [14]. The phase differences images are then 
combined and temporally Fourier transformed to create a 
complex wave image corresponding to the excitation 
frequency [14]. These wave images form the input to a 
technique known as wave inversion, yielding an image of 
stiffness known as an elastogram.  

It is hypothesised that MRE could have the potential to 
non-invasively assess the stiffness of an atherosclerotic 
plaque and hence provide an improved indication of the 
rupture risk. Beyond the exploration of 1D MRE shear wave 
behaviour through atherosclerotic plaques [15], there has 
been no other research involving MRE analysis of plaque 
stiffness. Only limited literature exists on the application of 
MRE to arteries; to identify wall stiffness [16], [17], [18], 
[19] and stenosis size using reflected and transmitted waves 
[16].   

Computational simulation allows cost and time efficient 
assessment of the limitations and optimisation of the 
proposed technique. An initial investigation into the 
transient shear wave behaviour though an atherosclerotic 
plaque with disease development suggested that MRE could 
have the potential to differentiate between plaques of 
varying lipid volumes [15]. This paper focuses on the 
complex displacement images of steady state wave 

propagation, compatible with MRE wave inversion 
techniques, as opposed the previously discussed transient 
results [15].  The aim of this paper is to investigate the 2D 
steady state behaviour of shear waves through various 
atherosclerotic plaque compositions at a range of 
frequencies. 

II. METHOD 

A. Overview 
A MRE simulation was performed using finite element 

analysis (FEA) to create a complex wave image synonymous 
to that gained during an experimental scan. This may be 
demonstrated by comparing Fig. 1 (a) a flow chart of the 
MRE procedure, with Fig. 1 (b) a flow chart of the 
simulation methodology. The dashed arrows in Fig. 1 (b) 
represent the steps not included in this paper. A steady state 
frequency response analysis was conducted at the 
corresponding wave excitation frequency. Simulations were 
conducted at a range of loading frequencies and plaque 
compositions.  

The model geometry was created using the computer 
aided design software RHINO Version 3.0, McNeel, Seattle, 
Washington, USA. Simulations were conducted using the 
finite element modelling software ABAQUS CAE Version 
6.8-1, Simulia, Providence, Rhode Island, USA. Data 
formatting was conducted using the programming software 
MATLAB R2011a, MathWorks, Natick, Massachusetts, 
USA.  

B. Geometry 
The simulation geometry comprised of an idealised 

atherosclerotic plaque embedded in a three layered, straight 
vessel surrounded by a block of tissue. The vessel wall 

 
Fig
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geometry is taken from [20] and detailed in Table I. The 
plaque was modelled as an eccentric stenosis [21], [22]. The 
lipid pool within the plaque was modelled as a sphere of 
varying volume surrounded by fibrotic intima. Fig. 2 
clarifies the idealised plaque geometry, it shows cross-
sectional views of an 80% stenosis containing a 25mm3 lipid 
pool. Surrounding tissue was incorporated into the model to 
replicate the transmission of shear waves in-vivo; an 
interface between the actuator and region of interest.  

C. Material Properties 
The material properties used in the simulation are detailed 

in Table I. The material properties of the vessel were taken 
from [23]; the wall was modelled as an isotropic, 
hyperelastic, neo-hookean material and the lipid pool as a 
low stiffness, incompressible solid. The surrounding tissue 
was modelled with linear, elastic properties [24]. The solid 
components of the model were modelled with an average 
value of density for soft tissue [24]. Damping was modelled 
simply over the wall and tissue using a value of 0.1 kHz, 
taken from previous computational simulations of MRE 
[25]. Blood flow through the lumen was modelled as static, 
with acoustic properties as described in [26]. The model was 
meshed using quadratic and linear tetrahedron, hybrid and 
acoustic elements. 

D. Loads and Boundary Conditions 
 A sinusoidal shear load of 2 kN was applied to the nodes 

above the plaque on the top surface of the tissue block. Fig. 
2 (c) is an isometric view of a half model, sectioned through 
the Y-Z plane. The global coordinates and locations of the 
load nodes (L) are shown; the load was applied parallel to 
the Z axis. Non-reflecting boundary conditions were applied 
to all surfaces apart from the loaded surface. These 
constraints were chosen to reduce the wave interference 
generated by waves reflected from the outer boundaries of 
the surrounding tissue.  

E. Data Processing  
The results were taken at a matrix of points, with 0.5 mm 

spacing, through various sectional planes of the plaque. In 
order to isolate the shear wave, the component of 
displacement in the same direction as the load, parallel to the 
Z axis, was taken. The results were plotted as two 

dimensional displacement maps; formatted as pixelated 
images, similar to those obtained from an experimental MRE 
scan. The images were created using a MATLAB program 
designed by the Elastography group at the Charité Hospital, 
Berlin.   

III. RESULTS 

Fig. 3 displays the real and imaginary shear wave 
displacement maps through a 60%, 70% and 80% stenosis 
containing a 20mm3 lipid pool. The models were excited and 
analysed at a frequency of 200Hz. Results through the Y-Z 
and X-Y planes are shown.  

Fig. 4 shows the real component of the shear wave 
passing through an 80% stenosis with a range of lipid pool 
sizes, at a range of excitation frequencies. Results through 
the Y-Z plane are displayed. 

Fig. 5 contains expanded images of the real component of 
the shear wave propagating through an 80% stenosis 
containing a 45mm3 lipid pool. The models were excited and 
analysed at 150Hz and 350Hz. The results through the Y-Z 
plane are shown.  

IV. DISCUSSION 

Fig. 3 compares the real and imaginary displacement 

TABLE I 
SIMULATION PARAMETERS 

Geometry Parameter Symbol Value 

Solid components Density ρ 1040kgm-3 

 Damping ζ 0.1kHz 
Intima Inner radius RI 3.63x10-3m 
 Thickness TI 1.7x10-4m 

 Shear modulus µI 150kPa 
Media Inner radius RM 3.8x10-3m 
 Thickness TM 7.3x10-4m 
 Shear modulus µM 34kPa 
Adventitia Inner radius RA 4.53x10-3m 
 Thickness TA 4.3x10-4m 
 Shear modulus µA 50kPa 
Fibrotic intima Shear modulus µFI 221kPa 
Fibrous cap Shear modulus µFC 165kPa 
Lipid pool Young’s modulus EL 0.3kPa 
Tissue Young’s modulus ET

 50kPa 
Blood Density ρB 1060kgm-3 
 Bulk modulus K 2.67GPa 

 

 

 
 
Fig. 2. Sectional views of the 80% stenosis and 25mm3 lipid pool model through an (a) Y-Z and (b) X-Y plane displaying the geometry and (c) a half model 
through the Y-Z plane indicating the load area and direction. References are as follows: surrounding tissue T, adventitia A, media M, intima I, fibrotic 
intima, FI, fibrous cap FC, lipid pool LP, blood B and load L. 
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results from a 200Hz wave simulation through three stenosis 
sizes; 60%, 70% and 80%. Planar waves are very clear in 
both sections taken through the Y-Z and X-Y planes. The 
complex displacement may be described using the 
interchangeable terms of modulus and phase or real and 
imaginary components. The modulus is the magnitude of the 
displacement and the phase is generated by damping. It was 
decided to display the results in terms of the real and 
imaginary components so that the wave images would 
appear with a larger range of displacements, both positive 
and negative, to provide improved clarity.  

In all images there is zero displacement in the lumen 
because fluids do not transmit shear waves [25]. The lipid 
pool shows peaks of displacement similar to the results 
obtained in [15]. In the Y-Z plane the waves show a drop in 
amplitude once they have propagated below the plaque and 
lumen. A corresponding drop in amplitude can be seen in the 
X-Y plane images.  

Comparing the results between the stenosis sizes; the 
distinguishing feature between the 60%, 70% and 80% 
images is the absence of displacement in the lumen. As 
previously mentioned there are already well established 
methods for imaging the narrowing of the lumen caused by a 
stenosis. Since the aim of this research is to develop MRE as 
a method of assessing plaque stiffness not size, the rest of 
the results neglected variation in stenosis and focussed upon 
imaging the variation in lipid pool size. In addition the 
results concentrated on images of the real component of 
displacement in the Y-Z plane, primarily for image clarity. 

Fig. [4] shows the shear wave propagation through an 
80% stenosis containing various lipid pool sizes, at a range 
of excitation frequencies. The visualisation of the lipid pool 
varies with lipid pool size and frequency. MRE literature 
describes the limitations of excitation frequency as a trade-
off between wavelength and attenuation. Whilst the lower 
threshold of excitation frequency is limited by the 
detectability capacity of the wavelength, the higher threshold 
is limited by attenuation [27, 28]. The low detectability of 
smaller lipid pools at low excitation frequencies is clearly 
demonstrated in Fig. 4. The 5mm3 lipid pool is virtually 
invisible at 100Hz and 150Hz. At 100Hz the 15mm3 lipid 

pools remains extremely faint. Once the excitation frequency 
is 200Hz or above, all the lipid pool sizes become visible. 

Up until 150Hz the peaks of a local wave within the lipid 
pool, similar to those seen in the transient analysis of [15], 
are visible. However at frequencies of 200Hz and above 
there is a loss of continuity between the wave patterns as the 
lipid pool varies in size. At 350Hz there are also differences 
in the behaviour of the wave propagating through the 
surrounding tissue, where the only physical difference 
between the models is the lipid pool size. Fig. 5 shows an 
expanded image of the wave displacement passing through a 
45mm3 stenosis at 150Hz and 350Hz. The wave propagation 
in the 350Hz simulation appears highly disrupted compared 
to the planar waves in the 150Hz simulation.  

 

ρ
µ

=sc                (1) 

 
MRE literature suggests that wave reflections are often 

observed during in-vivo studies and constitute a drawback in 
the technique [27]. The disruption of wave propagation can 
be highly undesirable as in some cases the inversion 
algorithm incorporates the assumption of planar waves [29]. 
It is hypothesized that as the excitation frequency increases, 
the disruptions seen in Fig. [5] are caused by increased 
amounts of wave reflection; as the wavelength reduces it 
becomes more comparable to the geometric lengths in the 
model. For example, using the shear wave speed, cs 
calculation (1) from [30]; at 200Hz the approximate 
wavelength through the surrounding tissue is 20mm and the 
lipid pool is 0.5mm.   There are certain frequency values, 
notably 200Hz and 350Hz; that show overall larger wave 
amplitudes. There are also intermittent lipid pool sizes 
within Fig. 4 that contain noticeably larger or smaller wave 
amplitudes, compared to other lipid pools at the same 
excitation frequency. For example the wave amplitudes 
within the 15mm3 lipid pool at 150Hz and 45mm3 at 250Hz 
are comparatively high and in the 15mm3 lipid pool at 
200Hz and 55mm3 lipid pool at 350Hz comparably low. It is 
hypothesized that at certain frequencies and lipid pool sizes, 

 
 

 
Stenosis Size (%) 

 

 60 70 80  
Plane Real Imaginary Real Imaginary Real Imaginary  

Y-Z 

 

X-Y 

 
 
Fig. 3. Complex displacement images of 200Hz shear waves propagating through a 60%, 70% and 80% stenosis containing a 20mm3 lipid pool. Real and 
imaginary components of displacement are shown through the Y-Z and X-Y plane.   
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the interaction between the geometry and wavelength is 
creating either constructive or destructive wave 
superposition.  

This study employs a very simple method of modelling 
damping; it is uniform across all the tissues and viscoelastic 
effects have also been neglected. This means that the 
frequency limitation imposed by attenuation cannot be 
assessed. To investigate the implication of attenuation in 
MRE simulations, these factors must be modelled more 

realistically. Current MRE research also involves multi-
frequency studies to investigate the viscoelastic properties of 
tissue [31]. Incorporating realistic viscoelastic properties to 
the model would also allow a multi-frequency study to be 
conducted as well giving a more realistic indication of the 
excitation frequency threshold imposed by attenuation. This 
study has neglected the motion induced in the vessel due to 
the cardiac cycle. This is an applicable assumption because 
during an in-vivo investigation the MRI sequence would be 
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. 4. Complex displacement images of shear waves propagating through an 80% stenosis containing a range of lipid pool sizes, at a range of frequencies. 
 real component of displacement is shown through the Y-Z plane.   
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gated to ensure that images are taken at the same vessel 
dilation. However it should be noted that during an in-vivo 
MRE scan of the artery the quality of the wave image would 
probably be reduced by flow artefacts. 

V. CONCLUSION 

This study has demonstrated that a proportion of the MRE 
technique may be simulated using FEA. It has been shown 
that excitation frequency and lipid pool size affect the 
behaviour of steady state shear complex waves passing 
through an idealised atherosclerotic plaque. This would 
suggest that the future simulation and application of MRE to 
atherosclerosis may be able to identify plaque stiffness and 
improve clinical diagnosis of rupture risk. 
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