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a b s t r a c t 

Background and objective: Atherosclerosis is a major underlying cause of cardiovascular conditions. In 

order to understand the biomechanics involved in the generation and rupture of atherosclerotic plaques, 

numerical analysis methods have been widely used. However, several factors limit the practical use of 

this information in a clinical setting. One of the key challenges in finite element analysis (FEA) is the 

reconstruction of the structure and the generation of a mesh. The complexity of the shapes associated 

with carotid plaques, including multiple components, makes the generation of meshes for biomechanical 

computation a difficult and in some cases, an impossible task. To address these challenges, in this study, 

we propose a novel material-property-mapping method for carotid atherosclerotic plaque stress analysis 

that aims to simplify the process. 

Methods: The different carotid plaque components were identified and segmented using magnetic res- 

onance imaging (MRI). For the mapping method, this information was used in conjunction with an in- 

house code, which provided the coordinates for each pixel/voxel and tissue type within a predetermined 

region of interest. These coordinates were utilized to assign specific material properties to each element 

in the volume mesh which provides a region of transition. The proposed method was subsequently com- 

pared to the traditional method, which involves creating a composed mesh for the arterial wall and 

plaque components, based on its location and size. 

Results: The comparison between the proposed material-property-mapping method and the traditional 

method was performed in 2D, 3D structural-only, and fluid-structure interaction (FSI) simulations in 

terms of stress, wall shear stress (WSS), time-averaged WSS (TAWSS), and oscillatory shear index (OSI). 

The stress contours from both methods were found to be similar, although the proposed method tended 

to produce lower local maximum stress values. The WSS contours were also in agreement between the 

two methods. The velocity contours generated by the proposed method were verified against phase- 

contrast magnetic resonance imaging (MRI) measurements, for a higher level of confidence. 

Conclusion: This study shows that a material-property-mapping method can effectively be used for ana- 

lyzing the biomechanics of carotid plaques in a patient-specific manner. This approach has the potential 

to streamline the process of creating volume meshes for complex biological structures, such as carotid 

plaques, and to provide a more efficient and less labor-intensive method. 

© 2023 The Author(s). Published by Elsevier B.V. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Fig. 1. Pressure profile (yellow line) applied at the internal wall for 2D and 3D 

structural-only simulations, and as outlets at the ICA and ECA for fluid-structure 

interaction (FSI) simulations. The mass flow rate profile (blue line) is prescribed as 

an inlet at the CCA for FSI simulations. 
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. Introduction 

Atherosclerosis is a major underlying cause of cardiovascular 

iseases (CVD) and is one of the leading causes of heart attacks, 

trokes, and other peripheral vascular complications. It is charac- 

erized by the narrowing and thickening of the arteries due to the 

ccumulation of cholesterol and other lipids in the inner layer of 

he artery [1] . The rupture of atherosclerotic plaques located in the 

arotid artery is a major cause of most cerebral ischemic attacks 

 2 , 3 ]. Additionally, the rupture of an atherosclerotic plaque is fun- 

amentally a mechanical event in which the stress levels exceed 

he strength of the tissue [ 4 , 5 ]. 

Advances in medical imaging, computational modeling, and 

imulation have greatly improved our understanding of plaque pro- 

ression and rupture. These simulations include structural finite el- 

ment analysis (FEA) [ 6 , 7 ], computational fluid dynamics (CFD) [8–

0] , and fluid-structure interaction (FSI). These methods allow for 

he detailed analysis of flow patterns, stress, and strain distribu- 

ions that would otherwise not be possible to acquire from exper- 

mental or clinical imaging analysis. 

While significant progress has been made in understanding the 

iomechanics of carotid artery disease through the use of finite el- 

ment analysis (FEA) simulations, there is still a need for faster 

nd simpler methods that can be translated to the clinical setting. 

urrent methods are often hindered by the complexity of gener- 

ting volume meshes, making it difficult to analyze a large cohort 

f patients. Traditional methods of mesh generation rely on creat- 

ng a mesh for each individual plaque component and surround- 

ng structures [ 6 , 11 , 12 ]. However, this approach is not suitable for

omplex shapes or multi-component models. Furthermore, in some 

nstances, achieving a reasonable mesh requires further modifica- 

ion of the geometries, especially at the interfaces of the plaque 

omponents. 

Another approach, known as the component fitting mesh gener- 

tion technique, tries to address these issues by adding a number 

f lines to the models to generate smaller subvolumes, reducing 

he complexity of the model to facilitate meshing generation [13] . 

owever, this is a simple approach that is labor-intensive, as the 

odeller has to perform the process slice by slice. Therefore, there 

s a need for a simplified meshing method for structural analysis 

f carotid plaque geometries that can be used with ease on MRI 

ata from a large cohort of patients. 

t

Fig. 2. Generated mesh using the (a) Traditional method and (b) mat

2 
In this study, a method was developed to apply material proper- 

ies to complex geometries such as carotid atherosclerotic plaques, 

ncluding its components, by using isotropic material properties as 

 starting point and as a proof of concept. With this method, multi- 

omponent plaques can be evaluated without relying on mesh- 

ng every single component, instead, the material properties were 

ssigned to each element of a volume mesh. This process was 

chieved by developing a code that obtains the coordinates and tis- 

ue type for each pixel/voxel in the segmented images from mag- 

etic resonance imaging (MRI). 

The results of the traditional method and the new material- 

roperty-mapping method were compared in terms of principal 

tress in 2D, 3D structural, and fluid-structure interaction sim- 

lations. Additionally, the wall shear stress (WSS) contours at 

eak systole and diastole, time-averaged WSS (TAWSS), and os- 

illatory shear index (OSI) calculated from the FSI models were 

lso compared. To identify the regions with the highest dif- 

erences between both methods, the calculated stress and WSS 

alues were subtracted. The results showed that the material- 

roperty-mapping method (from now on referred to as the map- 

ing method) presents a faster and simpler approach for the as- 

ignment of material properties on atherosclerotic plaque geome- 

ries for subsequent computational simulation. 
erial-property-mapping method for the analyzed blood vessel. 
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Fig. 3. Diagram of the different steps comparing the traditional and the material-property-mapping methods. The common steps shared by both methods are represented 

in pink, while the specific steps for the material-property-mapping method are represented in gray and the specific steps for the traditional method are represented in blue. 

This diagram shows the distinctions between the two methods and highlights the unique steps involved in each approach. 
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. Materials and methods 

.1. MRI, segmentation, and boundary conditions 

In this study, one patient with identified carotid stenosis ( > 90% 

ased on Ultrasound (US) doppler) was scanned using MRI before 

arotid endarterectomy (CEA). Written consent was obtained from 

he patient (gender = female, age = 77, current smoker, BMI = 16), and

etailed information about MRI protocol is provided in the supple- 

entary material. 

The 2D segmentation was performed using ImageJ (im- 

gej.nih.gov/ij/) and the point coordinate tool. For the 3D recon- 

truction, our established protocol [ 10 , 14 , 15 ] was used to segment

he patient-specific geometry. In brief, to describe the method, T1- 

eighted (T1) scans were employed to identify plaque components 

uch as lipids, calcification, and arterial wall using Amira software 

version 6.0, FEI, Hillsboro, Oregon, USA). T2-weighted (T2), proton- 
3 
ensity weighted (PD), and time of flight (TOF) sequences were 

lso utilised for plaque component identification. 

Mass flow rate was extracted from phase-contrast MRI (PC-MRI) 

hich also was employed in FSI analysis as inlet at the common 

arotid artery (CCA). The pressure applied to the internal region 

n the 2D and 3D structural-only analysis was calculated using 

he patient-specific arm-pressure scaled based on the mass flow 

ate profile. For FSI analysis this pressure was utilised as outlets at 

he internal carotid artery (ICA) and external carotid artery (ECA) 

 Fig. 1 ). 

.2. Traditional 2D, 3D structural, and FSI method 

The reconstructed 2D surfaces were converted to solids in the 

esign modeller software of ANSYS Workbench (version 19.0, AN- 

YS, Canonsburg, PA, USA). Boolean operations were used to sub- 

ract the solids of calcification and lipids from the arterial wall for 
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Fig. 4. (a) Example of a segmented MRI slice and the respective label (b) 2D geometry, mesh, and principal stress contour calculated using the traditional method. (c) 2D 

geometry, mesh, mapped material properties, and principal stress contour calculated using the material-property-mapping method. 
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2

l

oth 2D and 3D structural analyses and fluid-structure interaction 

FSI) in ANSYS SpaceClaim (version 19.0, ANSYS, Canonsburg, PA, 

SA). The entire structure, including multiple plaque components, 

as meshed using a curvature and proximity function ( Fig. 2 (a)). 

or the 2D and 3D structural analyses, the pressure was applied 

o the internal wall of the structure, while for FSI, the inner sur- 

ace was set as a fluid-solid data transfer point. The only force ap- 

lied in FSI was the transferred pressure between the fluid and 

tructure (two-way FSI). Additional information about FSI settings 

s provided in the supplementary material. 

A fixed (3D) and elastic (2D) support were also applied to the 

tructures. The material properties for the vessel wall and plaque 

omponents were assumed to be isotropic elastic, with Poisson’s 

atio of 0.48 for all materials, and Young’s Modulus of 10 MPa 

or calcification, 0.02 MPa for lipids, and 0.6 MPa for arterial tis- 

ue [16–20] . Linear material properties were applied to the plaque 

omponents due to the small deformation observed in the stenotic 

rtery [14] . 

.3. Mapping material properties in 2D, 3D structural, and FSI 

ethod 

The mapping method required two types of data from MRI: the 

tructure of the arterial wall without lumen or components and 

abels of the segmented plaque components within the wall. Then, 
4 
he reconstructed geometry of the arterial wall was converted to 

olid and meshed to obtain a uniform mesh ( Fig. 2 (b)) with an el-

ment size of 0.3 mm. Material properties were then mapped us- 

ng the labels and an in-house code developed in Matlab (R2018a, 

athWorks, Natick, MA, USA). In the code, the labels were im- 

orted, and a region of interest was selected that corresponds to 

he atherosclerotic plaque to be studied. The code provided the co- 

rdinates (X, Y, and Z information) for each pixel/voxel and their 

espective tissue type. The results from the code were imported 

nto the solver and each tissue type was assigned a specific Young’s 

odulus (calcification (10 MPa), lipids (0.02 MPa), and the arterial 

all (0.6 MPa)) and Poisson’s ratio (0.48 for all materials). Each el- 

ment in the mesh was then mapped with a corresponding mate- 

ial property using the information generated by the code and an 

xternal data system in the solver. The boundary conditions and 

xed support were the same as those in the traditional method. 

igure 3 provides a comparison between the traditional and the 

aterial property mapping method. Further information about set- 

ings and functions used in the mapping method is given in the 

upplementary material. 

.4. Solution methods 

For this study one patient with carotid atherosclerosis was se- 

ected; this specific plaque had the inclusion of calcification and 
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Fig. 5. Principal stress contours at five slices across the geometry from the 3D structural-only simulation. (a) 3D geometry used for the traditional method and the 2D views 

of the segmented components at the level of the selected slices (lipids = yellow, calcification = blue, arterial wall = clear yellow, and lumen = red), (b) Traditional method stress 

results, (c) Material-property-mapping stress results, and (d) stress difference between the two methods. 
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ipids identifiable in MRI. A characteristic slice was selected for 

he 2D structural analysis which contained both calcification and 

ipids as plaque components. To analyze the 3D structural-only and 

SI, twenty-two slices were selected across the geometry. The av- 

rage and maximum principal stress (Stress-P 1 ) values, as well as 

he location, were compared for the different slices. A subtrac- 

ion between the stress contours from both methods was also per- 

ormed to identify the approximate regions with the largest dif- 

erence. Similarly, for WSS, the values from both methods were 

ompared at systole and diastole. TAWSS and OSI were also com- 

uted to provide a more general observation through the cardiac 

ycle. TAWSS provides the overall WSS pattern and OSI character- 

zes the change in direction of the WSS vector from the main blood 

ow. As a verification method, the velocity contour at the level of 

he CCA from PC-MRI was compared to the velocity calculated by 

he FSI based on both methods. PC-MRI images were resampled 

o the same pixel dimension from which the geometries were re- 

onstructed to compare the velocity contours. Also, the calculated 

ass flow rate at the outlets (ICA and ECA), in FSI simulations 

ased on both methods were compared. All models were solved 

sing ANSYS (version 19.0, ANSYS, Canonsburg, PA, USA). 

. Results 

.1. Stress comparison in 2D analysis 

Figure 4 shows the information from the reconstruction of the 

abels using MRI to stress contours for both methods for a specific 

D geometry, as well as the material mapping result. The stress 
5 
ontours exhibit similar patterns between the two methods, with 

 slight decrease in stress from 150 kPa for the traditional method 

o 134 kPa for the mapping method. Notably, the location of max- 

mum stress remains consistent across both methods. 

.2. Stress comparison in 3D structural-only analysis 

The results of a 3D structural-only analysis comparing the tra- 

itional method and the mapping method are presented in Fig. 5 . 

he figure displays five characteristic slices of the geometry and 

rovides the principal stress contours and differences for both 

ethods. While there is a difference in the maximum stress, the 

tress distributions are similar across both methods. In the first 

hree slices, the mapping method resulted in a decreased maxi- 

um principal stress, with a maximum percentage difference of 

0%, 56%, and 55%, respectively. In the last two slices, the maxi- 

um stress was located in the fibrous cap region and remained 

imilar, with only an 8.6% and 8.31% difference. The greatest differ- 

nce in stress values was observed at the interfaces between dif- 

erent plaque components and it was noticed that the location of 

he maximum stress changed in one of the analyzed slices. 

.3. Stress and WSS comparison in FSI analysis 

Figure 6 shows the results of the principal stress difference 

rom the structural component of the Fluid-Structure Interaction 

FSI) simulations. Five intermediate slices, selected from those used 

n the 3D structural-only analysis, are presented. The maximum 

tress values calculated with the mapping method decreased in all 
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Fig. 6. Principal stress contours at five slices across the geometry from FSI simulation. (a) 3D geometry used for the traditional method and the 2D views of the segmented 

components at the level of the selected slices (lipids = yellow, calcification = blue, arterial wall = clear yellow, and lumen = red), (b) Traditional method stress results, (c) Material- 

property-mapping stress results, and (d) stress difference between the two methods. 
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lices, with a difference of 81%, 44%, 43%, 61.5%, and 40%, respec- 

ively. However, the stress distribution has a similar pattern and 

he locations of the maximum stresses are the same between the 

wo methods. 

Figure 7 illustrates the results in terms of Wall Shear Stress 

WSS) contours for both methods and differences at systole and 

iastole. The WSS contours display identical patterns, with a max- 

mum difference at systole and diastole of 20.5 and 2.2 Pa, respec- 

ively, located at the bulb after stenosis. The maximum WSS val- 

es calculated by the fluid component of the FSI, comparing both 

ethods, tend to be similar with a difference of just 2.3 Pa at 

ystole and 0.2 Pa at diastole. Time-averaged WSS (TAWSS) and 

scillatory Shear Index (OSI) have almost identical patterns and 

scillatory regions, with just a 0.4 Pa maximum difference for 

AWSS. 

In the verification process, the velocity calculated from both 

ethods exhibited the same patterns, as shown in Fig. 8 . The max- 

mum velocity calculated from the FSI in both methods remained 

he same and was lower by 10.5% compared to PC-MRI. Further- 

ore, the calculated mass flow rate at the internal carotid artery 

ICA) and external carotid artery (ECA) for both methods was com- 

ared, as shown in Fig. 8 (f). It can be observed that the calculated
 t

6

rofile at the outlets (ICA and ECA) are similar, with a superposi- 

ion across the cardiac cycle. 

.4. TAWSS and WSS comparison at systole and diastole from FSI 

Additional analysis was conducted to examine the increase in 

aximum Wall Shear Stress (WSS), at systole and diastole, and 

ime-averaged WSS (TAWSS). The luminal area was calculated 

ased on the location of the maximum WSS. It was discovered 

hat the luminal area for the mapping method is slightly smaller in 

omparison to the traditional method, at systole and diastole (0.2% 

nd 0.11% difference, respectively). This resulted in an increase in 

SS due to the smaller luminal area. This is because the approach 

sed to apply the material properties in each method also resulted 

n slightly different arterial deformation. The maximum stress was 

lso slightly lower in the mapping method than in the traditional 

ethod, primarily due to the interpolation of material properties. 

.5. Maximum and average stress values 

Figure 9 displays the results of the analysis performed for 

he maximum and average stress values, calculated at the 3D 



J.B. Mendieta, D. Fontanarosa, J. Wang et al. Computer Methods and Programs in Biomedicine 231 (2023) 107417 

Fig. 7. WSS contours from the FSI calculation using the traditional, the material-property-mapping method, and the WSS difference between two methods at (a) systole and 

(b) diastole. As well as WSS descriptors (c) TAWSS and (d) OSI. 
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tructural-only and the structural component of the Fluid-Structure 

nteraction (FSI) simulations, for 22 slices equidistantly distributed 

cross the reconstructed plaque. The stresses calculated from the 

D structural-only and FSI simulations exhibit a similar pattern. 

he greatest differences were observed for the maximum stress 

alues when comparing both methods in the presence of plaque 

omponents, as opposed to regions at the beginning and end of 

he plaque where the values remained similar. In terms of the av- 

rage stress, the values tend to be consistent across the geometries 

or both methods. 

. Discussion 

Figure 2 illustrates the reduction of mesh complexity from the 

raditional method to the mapping method. This is reflected in 

he ability to analyze structures that are closer to actual plaques, 

here the size of the components and their relation to the sur- 

ounding tissue is no longer a complex issue for meshing and, as a 
7 
esult, for structural simulation. In the traditional method, generat- 

ng the mesh for complex geometries required an iterative process 

etween reconstruction and meshing to achieve an acceptable and 

easible mesh. In contrast, the mapping method resolves these is- 

ues by using a uniform mesh and assigning element-specific ma- 

erial properties, significantly reducing the total time from the 3D 

econstruction to the calculation of results. Therefore, the advan- 

age of the mapping method is that it eliminates the need for ded- 

cated meshing in areas such as thin fibrous cap, contact, and in- 

erface regions, which often cause problems and require mesh up- 

ating in traditional Finite Element Analysis (FEA) to achieve a rea- 

onable solution. 

In terms of computation time and memory usage, the differ- 

nce between the traditional and the mapping method is not 

ignificant. In certain instances, the mapping method may result 

n slightly longer computation time compared to the traditional 

ethod. However, the real advantage of the mapping method lies 

n the elimination of the often tedious and time-consuming pro- 
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Fig. 8. Velocity profiles comparison at the level of CCA. (a) 3D carotid artery geometry and the red line shows the level at which the comparison was performed. The 

measured velocity contours from (b) PC-MRI, (c) resampled PC-MRI. The calculated velocity contours from FSI analysis using (d) the traditional method, and (e) the material- 

property-mapping method, (f) comparison between the calculated mass flow rate profiles at the ICA and ECA from both methods. 

8 
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Fig. 9. Comparison of the maximum and average principal stresses between two methods. (a) Twenty slices across the carotid artery geometries (green = arterial wall, 

yellow = lipids, lumen = red, and calcification = blue), comparison of the (b) stress values calculated from FSI simulation, and (c) stress values calculated by the structural-only 

simulation. 
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ess of manually generating meshes for complex geometries and 

aterial distributions, which can take weeks depending on the 

omplexity of the geometries. 

The mapping method also allows for a certain level of transition 

etween the material properties (Young’s modulus) of the differ- 

nt components. In the traditional method, there is a sharp change 

etween components, such as from calcification with 10 MPa to 

brous tissue of 0.6 MPa. This is the reason why the maximum 

tress values in the mapping method resulted in lower values com- 

ared to the traditional method, particularly in regions where cal- 

ification is present. Maximum stress values, however, tend to re- 

ain similar in situations where these values are located in the 

brous cap of the predefined slices. Peak stress values in struc- 

ural analysis of plaque components have been widely associated 

ith unstable and even possible ruptured plaques, particularly at 

he fibrous cap. Although the proposed method reduces the value 

f the maximum stresses (due to the elimination of sharp transi- 

ions between material properties), the location of the peak stress 

nd the stress distribution tend to remain similar between the two 

ethods. As expected, the difference between the two methods is 

bserved at thin caps and interfaces between plaque components. 

The mapping method allows for a transitional region mainly at 

he connection between tissues with large differences in material 

roperties ( Fig. 10 ). Therefore, histological analysis was performed 

n patient-specific atherosclerotic plaque tissue to further inves- 

igate the change in material properties. From Fig. 10 (b) it can 

e observed that the main calcification section was removed by 

he cutting process, leaving behind at the edges, traces of calci- 

cation (depicted in dark purple). Similarly, Fig. 10 (c) shows the 

ransition between lipids and fibrous tissue from histological data 

at 1X and 5X magnification). Figure 10 (d, e, and f) also presents 
9 
he distribution of Young’s modulus of the plaque components and 

rterial wall using the mapping method. The highest interpola- 

ion range was in the transition from calcification to fibrous tis- 

ue (from 10 MPa to 0.6 MPa), which was approximately applied 

o two elements. But it was minimal in the transition from lipids 

o the arterial wall, due to the proximity of the material property 

alues (0.02 MPa to 0.6 MPa). Fig. 10 (e and f) provides a detailed

iew of the interpolation between different material properties us- 

ng isolines and contours. Although the histological analysis pro- 

ides an understanding of the material properties distribution in 

he patient-specific plaque tissue, further evaluations are required 

or tissue characterization to validate the proposed method. 

As shown in Figs. 4 , 5 , and 6 , the generated stress plots for

D, 3D structural-only, and Fluid-Structure Interaction (FSI) simula- 

ions exhibit a high degree of consistency. This is further supported 

y the small differences between the calculated stress values in 

igs. 5 and 6 . Additionally, the Wall Shear Stress (WSS) and its de- 

criptors calculated from the FSI simulations using both methods 

lso show a high degree of agreement, as evidenced by the small 

ifferences between them. Further verification was performed us- 

ng PC-MRI and the calculated velocity values from both methods, 

nd it was observed that the maximum velocity values were tilted 

o one side due to the curvature of the geometry at this specific 

ocation, a pattern that was observed in the calculated results at 

he level of the CCA. Although the comparison was performed at 

he level of the CCA, an area with no presence of stenosis, changes 

n plaque characteristics downstream can affect the upstream flow. 

n this way, PC-MRI and WSS analysis provide another point of ver- 

fication for the mapping method. The mass flow rate calculated at 

he outlets from both methods also served as a verification point 

nd it was observed that both resulting profiles were similar. 
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Fig. 10. (a) MRI images with labeled contours, and histological samples, highlighting the transition from (b) calcification to fibrous tissue, and (c) lipids to fibrous tissue. 

Analysis of the interpolation performed between the plaque components and the arterial wall by the material-property-mapping method showing, (d) Young’s Modulus plot 

and mesh (lipids = 0.02 MPa, calcification = 10 MPa, and arterial wall = 0.6 MPa), region of interest (e) illustrating the transition in between materials in isolines, and (f) final 

contours. 
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.1. Limitations 

.1.1. Boundary conditions 

The results of the numerical simulations are based on the ge- 

metry of the model, the loads or boundary conditions employed, 
10 
nd the material properties. In this study, the geometry and mass 

ow rate, prescribed at the inlet, are patient-specific; however, 

he material properties are still based on previous studies [ 14 , 20 ],

here a linear elastic behavior was assumed for the arterial tissue, 

alcification, and lipids. Further investigation is required to apply 
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on-linear elastic material properties to the plaque components 

sing the mapping method. 

Also, at the outlets of the geometry, in the FSI simulation, the 

ressure was scaled up based on the mass flow rate profile and 

he arm pressure of the patient. This setup was adopted due to 

he complexity/impossibility of obtaining a realistic pressure pro- 

le at the carotid artery for each patient. Also, previous studies 

 21 , 22 ] have shown that the out-phase relationship between ve- 

ocity and pressure is not remarkable as in other regions of the 

irculatory system such as the coronary artery. Therefore combin- 

ng patient-specific arm pressure and the mass flow rate profile 

xtracted directly from phase-contrast magnetic resonance imag- 

ng (PCMRI) provides a level of confidence. 

.1.2. Geometry shrinkage analysis 

Another limitation of this study is that the shrinkage or zero- 

tate pressure procedure was not performed in the geometries. 

ore than 20 years ago, Fung [23] and Vaishnav and Vossoughi 

24] independently demonstrated that the zero-stress state of a 

lood vessel is a crucial and unresolved issue. This seminal obser- 

ation shifted our understanding from the previously assumed no- 

oad configuration to the zero-stress state as the basis for blood 

essel mechanics. Some studies have performed it using circum- 

erential shrink and axial stretch ratio [ 25 , 26 ] in computational 

iomechanics of blood vessels. However, developing and validating 

 realistic shrinkage approach remains a challenge. In a previous 

tudy, the authors conducted a pre-shrinkage analysis on carotid 

rteries, using the residual stress calculated in the diastolic point 

f the cardiac cycle in a fluid-structure interaction (FSI) simulation 

12] . This analysis revealed that P1-stress contours and maximum 

tresses remained similar. 

While pre-shrinkage procedures are valuable, it is important 

o note that in this case, the two methods were compared un- 

er the same conditions. The current study aimed to propose a 

aterial properties mapping method and compare it to the tra- 

itional one, and considering shrinkage would not alter the main 

onclusion. Instead, it would increase computational expenditure 

nd each plaque component may shrink differently, data that is not 

vailable. 

.1.3. Population 

Future larger-scale patient studies are needed to further 

emonstrate the feasibility and advantage of the mapping method. 

t is also recognised that experimental validation can give further 

nsight into the accuracy of both traditional and proposed meth- 

ds. 

. Conclusion 

A material property mapping method for stress analysis of 

therosclerotic plaques was proposed in this study. The proposed 

ethod reduced the calculated maximum stress as compared to 

he traditional method while maintaining a similar stress dis- 

ribution pattern. The feasibility and applicability of the map- 

ing method in the numerical analysis of atherosclerotic plaques 

ere demonstrated through its use in 2D, 3D structural-only, as 

ell as 3D Fluid-Structure Interaction (FSI) simulations. Further- 

ore, it highlights the potential to simplify the generation of vol- 

me meshes for complex biological structures, such as carotid 

therosclerotic plaques, using the proposed method, and pave the 

ay for faster and more efficient patient-specific biomechanical 

nalysis in the future. 
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