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Multicomponent material property characterization of atherosclerotic 
human carotid arteries through a Bayesian Optimization based inverse 
finite element approach☆ 
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A B S T R A C T   

Objective: Plaque rupture in atherosclerotic carotid arteries is a main cause of ischemic stroke and it is correlated 
with high plaque stresses. Hence, analyzing stress patterns is essential for plaque specific rupture risk assessment. 
However, the critical information of the multicomponent material properties of atherosclerotic carotid arteries is 
still lacking greatly. This work aims to characterize component-wise material properties of atherosclerotic human 
carotid arteries under (almost) physiological loading conditions. 
Methods: An inverse finite element modeling (iFEM) framework was developed to characterize fibrous intima and 
vessel wall material properties of 13 cross sections from five carotids. The novel pipeline comprised ex-vivo 
inflation testing, pre-clinical high frequency ultrasound for deriving plaque deformations, pre-clinical high- 
magnetic field magnetic resonance imaging, finite element modeling, and a sample efficient machine learning 
based Bayesian Optimization. 
Results: The nonlinear Yeoh constants for the fibrous intima and wall layers were successfully obtained. The 
optimization scheme of the iFEM reached the global minimum with a mean error of 3.8% in 133 iterations on 
average. The uniqueness of the results were confirmed with the inverted Gaussian Process (GP) model trained 
during the iFEM protocol. 
Conclusion: The developed iFEM approach combined with the inverted GP model successfully predicted 
component-wise material properties of intact atherosclerotic human carotids ex-vivo under physiological-like 
loading conditions. 
Significance: We developed a novel iFEM framework for the nonlinear, component-wise material characterization 
of atherosclerotic arteries and utilized it to obtain human atherosclerotic carotid material properties. The 
developed iFEM framework has great potential to be advanced for patient-specific in-vivo application.   

1. . Introduction 

Stroke is amongst the leading causes of death worldwide, and twelve 
million people are estimated to have stroke-related mortality globally in 
the upcoming decade (Feiginet al, 2014). Approximately 90% of the 
clinical cases develop in the form of ischemic stroke (Mozaffarianet al, 
2016), and an important cause of ischemic stroke is the rupture of 

atherosclerotic plaques in carotid arteries (Chunet al, 2002). Currently, 
the standard preventive surgical treatment of carotid atherosclerosis is 
the removal of the plaque from the artery, referred to as endarterectomy 
procedure. However, only a very limited proportion of patients (~20%) 
was shown to benefit from this surgery (Rothwell and Warlow, 1999). A 
major reason for this poor outcome is considered to be the sub-optimal 
assessment of the carotid atherosclerosis severity, which is mainly based 
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on the stenosis degree of the atherosclerotic carotid artery. Stenosis 
degree provides a measure for the blood flow through the artery; how-
ever, does not reflect the plaque rupture risk (Tavora et al., 2010). 
Hence, there is an urgent need for plaque rupture risk assessment tools 
to achieve better clinical outcome. 

From the mechanical viewpoint, plaque rupture is the material fail-
ure of the plaque tissue, which was shown to associate with blood 
pressure-driven, intraplaque structural stresses (Cheng et al., 1993), 
(Richardson, 1989). Hence, biomechanical evaluations that include 
intraplaque stress analyses hold a great potential to aid plaque rupture 
risk assesment (Holzapfel et al., 2014). Intraplaque stresses are 
commonly evaluated by means of finite element (FE) analysis (Cheng 
et al., 1993; Richardson, 1989; Holzapfel et al., 2014; Loree et al., 1992; 
Akyildiz et al., 2011; Sadat et al., 2011). The great impact of the 
structural composition and resulting geometry of the multi-component 
atherosclerotic artery structure, with the main mechanically relevant 
plaque components being fibrous intima, lipid pool, calcium, media and 
the adventitia, on the intraplaque stresses have been demonstrated 
before (Akyildiz et al., 2011, 2016a, 2018). Another essential require-
ment for accurate stress computations with FE plaque models is the 
correct and precise material behavior information of the heterogenous 
atherosclerotic artery (Akyildiz et al., 2011). 

It has been previously demonstrated that the atherosclerotic plaques, 
even the ones from the same vascular territory, may show great variance 
in material properties (Akyildiz et al., 2014). Therefore, one would 
ideally prefer plaque-specific material characterization from in-vivo 
measurements for stress analysis, especially to aid plaque-specific 
rupture risk assessment. Unfortunately, there is no well-established 
approach currently available that would serve this purpose. Our exist-
ing knowledge on plaque properties is based on ex-vivo experimental 
work, that involve bench-top tensile (Learoyd and Taylor, 1966; Teng 
et al., 2009; Maher et al., 2009; Lawlor et al., 2011; Mulvihill and Walsh, 
2013; Tenget al, 2014; Kural et al., 2012; Davis et al., 2016; Cunnane 
et al., 2016; Wanget al, 2019; O’Reilly et al., 2020) and compression 
tests (Maher et al., 2009), (O’Reilly et al., 2020; Chaiet al, 2013; Chai 
et al., 2014; Chaiet al, 2015; Barrett et al., 2009; Ebenstein et al., 2009; 
Maher et al., 2011; Heiland et al., 2013). A comprehensive summary 
could also be found elsewhere (Teng et al., 2014). However, the results 
of these studies are limited to average plaque tissue properties as the 
tests were usually performed on entire plaque or artery sections, and the 
test data was analyzed assuming tissue homogeneity. Although the great 
previous work deepened our understanding in overall biomechanical 
response of the plaque tissue, it does not provide the essential 
component-wise information of the highly heterogeneous atheroscle-
rotic carotid arteries. Some recent work (Tenget al, 2014), (Wanget al, 
2019) has overcome this limitation by performing mechanical tests on 
individual plaque components and clearly demonstrated the need for 
component-wise material characterization of atherosclerotic plaques. 
However, the tensile tests employed in these studies do not reflect the 
multi-axial physiological loading the arteries are exposed to in-vivo. In 
addition, the preparation of test samples for the tensile tests lead to loss 
of tissue’s structural integrity, which may result in inaccurate material 
property estimation. 

Ex-vivo inflation tests can overcome the abovementioned limitations 
by closely mimicking the physiological loading conditions and enabling 
intact atherosclerotic artery testing. Previously Boekhoven et al. per-
formed inflation tests to carotid plaques (Boekhoven et al., 2016) but the 
authors could reach only sub-physiological pressures in the tests as they 
tested endarterectomy samples separated from the surrounding 
media-adventitia complex (i.e arterial wall). Recently our group devel-
oped a hybrid experimental-numerical approach, an inverse FE model-
ling (iFEM) approach, to extract component-based material properties of 
atherosclerotic arteries from intact vessel inflation experiments and 
tested its feasibility with atherosclerotic porcine iliac arteries (Akyildiz 
et al., 2016b). This approach combined inflation testing of intact vessels, 
ultrasound-derived plaque deformation measurements and 

histology-derived plaque morphology assessment. 
In the current study, we further advance our approach in multiple 

aspects and extract multicomponent properties of atherosclerotic human 
carotid arteries, for the first time, under pysiological-like loading con-
ditions. The advancements include high-resolution magnetic resonance 
imaging (MRI) for plaque morphology, employing nonlinear hypere-
lastic material models for plaque components and use of a sample- 
efficient machine-learning based optimization algorithm combined 
with uniqueness approximation, which all together bring our approach 
closer to clinical use for patient-specific material characterization. 

2. Materials and methods 

The developed iFEM approach consists of three main parts: 1. ex-vivo 
inflation testing combined with a high-frequency ultrasound system to 
obtain deformation, 2. high-resolution pre-clinical MRI derived FE 
modeling, and 3. sample efficient Deep Partitioning Tree based Bayesian 
Optimization (DPTBO) (Fig. 1). In addition, the uniqueness of the iFEM 
predicted properties were evaluated. All parts are explained below. 

2.1. Ex-Vivo inflation testing 

2.1.1. Sample preparation 
Atherosclerotic carotid arteries from five human cadavers (popula-

tion age>40 years) were collected withing the last 2 years before the 
mechanical testing in Erasmus Medical Center in Rotterdam, the 
Netherlands. The sample collection was approved by the Medical Ethical 
Committee of Erasmus Medical Center regarding the Helsinki Declera-
tion. The intact carotids were snap frozen with liquid nitrogen after 
collection and stored at − 80 ◦C until mechanical testing. The storage at 
− 80 ◦C is expected to preserve the mechanical properties of the tissues 
(Schaar et al., 2002). On the day of the inflation tests, the tissues were 
thawed at room temperature. Then, the perivascular tissue surrounding 
the carotids was removed. The arteries were kept immersed in a Phos-
phate Buffered Saline (PBS) solution to prevent dehydration during the 
preperation. The external branch of the carotid arteries were suture 
fixed, to prevent leakage during the inflation. Male luer slips were glued 
and suture-fixed to the common and the internal branch ends of the 
arteries (Fig. 2). 

2.1.2. Inflation tests and high frequency ultrasound imaging 
Following the tissue preparation, the intact carotids were placed into 

the custom built inflation test setup. In the setup, the atherosclerotic 
human carotid arteries were placed inside a tissue bath filled with 37 ◦C 
PBS solution (Fig. 2). Longitudinal stretching of the arteries could be 
adjusted within the setup by using the pipette with longitudinal direc-
tion motion capability. Pressure was applied by using a syringe pump, 
and a digital manometer (accuracy of 1.7 mmHg) (2022P, Digitron) was 
used for the pressure measurements. Prior to the mechanical testing, the 
arteries were preconditioned by applying 10 cycles of 15% longitudinal 
stretch and 10 cycles of intraluminal pressurization up to 120 mmHg. 
The inflation tests were performed while the arteries were kept at 15% 
longitudinal pre-stretch which was reported as the in-situ pre-stretch 
level for the carotid arteries of the people that match the age group of 
our sample set (Horný et al., 2017). 

During ex-vivo inflation tests, quasi-static pressure steps were 
applied in 10 mmHg increments up to 120 mmHg, with no signs of 
buckling in the arteries. At each pressure step, the arteries were scanned 
with a pre-clinical ultrasound system (Vevo 2100, FUJIFILM Visual 
Sonics Inc., Toronto, Canada) by using a high frequency, 2-D linear 
transducer (MS250, 21 MHz central frequency). The transducer was 
connected to the 3-D motor stage of the ultrasound system, which moved 
the transducer along the artery’s longitudinal direction and acquired 2- 
D ultrasound data at every 0.24 mm. Before each inflation experiment, 
an ultrasound pre-scan of the artery was performed to identify the 
location of the plaque region in the artery. During the inflation tests, B- 
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mode images and radiofrequency (RF) data were collected at multiple 
cross sections of each artery. Example ultrasound images of an athero-
sclerotic carotid cross section at a low (10 mmHg) and a high (120 
mmHg) pressure are demonstrated in Fig. 3. 

The acquired RF data were used to accurately estimate the full-field 
deformation of the inflated heterogeneous atherosclerotic plaques, by 
using a coarse-to-fine normalized cross-correlation-based algorithm 
(Lopata et al., 2009). Briefly, this algorithm estimates the full-field 
displacement of the arterial cross sections in three iterative steps by 
spatial templates of ultrasound data at one pressure step within a larger 
search region using data of a subsequent step. As matching criterion the 
value of the normalized cross-correlation function is used. The position 
of the peak of this function gives a direct estimate of the displacement at 

the center of each template that occurred between the considered 
pressure steps. The analysis begins in iteration 1 and 2 with a coarse 
estimation of the 2-D displacement field based on the envelope of the RF 
data and ends in iteration 3 with a fine estimation using smaller kernels 
and subsample motion estimation based on RF data. The found dis-
placements of previous iterations were used as offset for the search 
kernels in successive iterations to guide the algorithm to the best match 
on a fine level. In iteration 1, the template and search kernel size were 
978 (axial) by 675 (lateral) μm2 and 3422 by 1575 μm2 with a spacing 
of 978 μm axially and 45 μm laterally between the centers of templates. 
In iteration 2, the template and search kernel sizes were reduced into 
489 (axial) x 405 (lateral) μm2 and 733 (axial) x 855 (lateral) μm2, 
respectively. The axial spacing between the centers of templates was 
decreased to 55 μm while the lateral spacing remained 45 μm. Then, for 
the last iteration, kernel and template sizes were reduced to 244 by 225 
μm2 and 293 by 315 μm2. The spacing between template centers 
remained the same as in iteration 2. In this iteration, the raw RF data 
instead of its envelope were matched, and the cross-correlation peak was 
interpolated using bicubic interpolation to obtain the 2-D displacement 
at subsample level, thus smaller than the sample distance of the RF data 
which was 6 by 45 μm2. Full-field displacement measurements of the 
arterial transversal cross section under increasing intraluminal pres-
surization were obtained at the end of the iterations with 55 (axial) x 45 
(lateral) μm2 resolution. Please note that the axial and lateral directions 
refer to 2-D cross sectional ultrasound images. For further details of the 
approach, the reader is referred to the previous publications by Lopata 
et al. (2009) and Hansen et al. (2012). 

2.2. FE modeling 

2.2.1. Plaque morphology from high magnetic field MRI 
To build accurate FE models, detailed morphological information 

was needed. Although the ultrasound images provide the information of 
the lumen border and the external elastic lamina (media/adventitia 
border), they do not provide the required information to deliniate the 
structural components of atherosclerotic artery completely. The missing 
crucial geometric information of heterogenous plaques were obtained 
from high in-plane resolution (50 μm x 50 μm), multisequence ex-vivo 
MRI, recorded by a high magnetic field (7 T) pre-clinical MR scanner 

Fig. 1. iFEM pipeline comprising of three main parts, namely the ex-vivo inflation testing combined with ultrasound imaging, MRI geometry based FE modeling and 
the DPTBO. 

Fig. 2. The custom built inflation setup to test atherosclerotic human carotid 
arteries, and the 21 MHz ultrasound probe. 
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(Discovery MR901, General Electric). 
The MRI scans were performed while a very low intraluminal static 

pressure (10 mmHg) was applied to the arteries to prevent the collapse 
of the lumen during the scanning. In order to apply the intraluminal 
pressure, the arteries were connected to pipettes which were closed by 
three-way valves. From one end, the pressure was induced by a PBS 
filled syringe, and on the other end, a manometer was attached to 
measure the applied pressure. When the pressure was observed to be 
stabilized at approximately 10 mmHg, the three-way valves were 
locked, and the syringe and the manometer were detached from both 
ends. The arteries were scanned submerged in PBS to prevent any 
dehydration during the scanning. T1 and T2-weighted sequences were 
used and 512 × 512 pixels images were obtained from the MRI scans. 
The details of the MRI sequences were as follow: T1-weighted: flip angle 
= 20⁰, repetition time = 17.5 ms, echo time 3.3 ms; T2-weighted: flip 
angle = 90⁰, repetition time = 2500 ms, echo time 60 ms. The longitu-
dinal slice thickness was 0.5 mm for both sequences. 

2.2.2. Image segmentation and ultrasound-MRI co-registration 
Following the previously described guidelines (Shinnaret al, 1999), 

(Serfaty et al., 2001), T1-and T2-weighted MR images (Fig. 4) were 
segmented for fibrous intima, lipid pool, calcifications and arterial wall 
morphologies by using ITK-Snap (Yushkevichet al, 2006) (Fig. 4). Both 
T1-and T2-weighted MR images clearly showed the lumen and the outer 
vessel border, due to the intensity difference between the arterial 
structure and the PBS. The calcified regions were identified by the 
hypo-intense signal in both T1-and T2-weighted images (Shinnaret al, 
1999). The lipid pools were identified as the hypo-intense regions in 
T2-weighted images, with iso-intense or hyper-intense characteristics in 
T1-weighted images (Shinnaret al, 1999). Adventitia appeared as 
hypo-intense region, whereas media had a higher signal intensity (Ser-
faty et al., 2001). 

To obtain a representative dataset, a subset of transversal plaque 
cross sections from the tested carotid arteries (2–3 per artery) were 
selected for the iFEM analysis. The inclusion assessment for the selected 
cross sections was based on the plaque size, the location, and the quality 
of MRI and ultrasound images. First, the cross sections from the internal 

Fig. 3. B-mode ultrasound images of a carotid cross section for at 10 mmHg (a) and 120 mmHg (b) pressures.  

Fig. 4. Ultrasound and co-registered T1 and T2-weighted MR images of a sample with lipid pools. The lumen (red) and external elastic lamina (EEL) (green) were 
segmented both on the ultrasound and MR images to obtain the transformation matrix by the non-rigid registration. Then, the transformation matrix was applied on 
the lumen (red), fibrous intima (turquoise), lipid (purple), media (green) and the adventitia (blue) segmented T2-weighted MR image to obtain the final regis-
tered image. 

S. Guvenir Torun et al.                                                                                                                                                                                                                        



Journal of the Mechanical Behavior of Biomedical Materials 126 (2022) 104996

5

and common carotid branches with the largest plaque area and mini-
mum lumen area were selected. Then, extra cross sections were selected, 
by ensuring a minimum distance of 1.5 mm from each other. Cross 
sections were at least 5 mm away from the bifurcation. Furthermore, the 
cross sections had to have a clear image on MRI and ultrasound, free of 
artifacts. This procedure led to a selection of 13 cross sections from five 
carotid arteries tested. 

An image registration step (Fig. 4) was necessary to transfer the in-
formation of each component obtained from MRI to the ultrasound 
images, since the experimental deformations were obtained by the ul-
trasound system. The reference ultrasound and MRI images at 10 mmHg 
were used for the registration. In the registration, the first step was to 
identify the longitudinal location of the selected cross sections. This was 
done by measuring the distance of the cross sections from natural 
morphological landmarks such as the bifurcation, and cannulas in both 
ultrasound and MR images. Then, a rigid registration was performed by 
using the custom-built plug-in at the Mevis-Lab Software (Version 2.7) 
(MeVis Medical Solutions AG, Fraunhofer Institute for Digital Medicine 
MEVIS) to adjust the spatial resolution of the MRI to the ultrasound. 
Afterwards, the lumen and external elastic lamina borders were 
segmented on the ultrasound and the co-registered MR images by using 
ITK-Snap (Yushkevichet al, 2006) (Fig. 4). These segmentations were 
used in elastix software (Version 5.0) (Klein et al., 2010), (Shamonin 
et al., 2014) to obtain a transformation matrix to register the MR images 
to the ultrasound images. Then, the fibrous intima, media, adventitia, 
lipid and calcifications on the MR images were manually segmented and 
non-rigid registration was performed by applying the transformation 
matrix obtained with elastix. After the rigid and non-rigid registrations, 
the final registered segmentations with the component-wise morpho-
logical information was obtained (Fig. 4). 

2.2.3. FE modeling and plaque deformation computations 
The final registered segmentations were used to create 2-D FE models 

of the selected cross sections (n = 13). The models were used to simulate 
the deformation of the atherosclerotic carotid arteries during inflation 
testing. The composition of the atherosclerotic arteries were reflected in 
the FE models by a multicomponent arterial structure that consisted of 
fibrous intima, arterial wall (comprising media and adventitia), lipid 
pools, and calcifications. The FE models were created and simulated by 
using ABAQUS (Dassault Systèmes, 2016). The fibrous intima and the 
arterial wall were modeled as isotropic, nonlinear, hyperelastic, 
incompressible Yeoh solids, described with the strain energy density 
function, WYeoh, as 

WYeoh =
∑3

i=1
ci(I1 − 3)i (1)  

where ci are the material constants and I1 is the first invariant of the 
right Cauchy-Green deformation tensor. The calcifications and lipid 
pools were modeled as Neo-Hookean solids, with a strain energy density 
function, WNH, given as 

WNH = c1(I1 − 3) (2)  

where c1 is the material constant. The calcifications were defined as 
highly stiff, incompressible materials with c1 of 1 GPa, and the lipid 
pools were defined as highly compliant, incompressible materials with a 
c1 value of 1 kPa. A highly compressible and compliant buffer of a Neo- 
Hookean solid (c1 of 0.1 kPa) encompassed the arterial cross sections in 
the FE models to minimize rigid body motion and enforce simulation 
convergence. Hybrid formulation triangular and quadrilateral elements 
were used for meshing the FE models. Following a mesh convergence 
analysis, FE models were meshed with 48k (± 5k) elements on average 
(±SD). The simulations were performed under plane strain assumption. 
The computational deformation results from the pressure steps of 80, 
100 and 120 mmHg were used in the optimization. The axial 

displacement data were obtained as the measure of deformation as the 
final output of FE simulations. 

2.3. Optimization process for material property assesment 

A grid with an element size of 100 × 100 μm2 was applied on the 
arterial cross sections. Measured and computed axial displacements per 
grid element were calculated by averaging displacements from ultra-
sound and FEM computations, respectively. Then, the relative dis-
placements (measured and computed) were obtained by using the top 
central grid element as reference. The normalized mean square error 
(NMSE) between the experimental and the computed relative displace-
ments was calculated and by the DPTBO in an iterative manner. At each 
iteration the Yeoh model material constants of the fibrous intima and 
arterial wall components in the FEM were revised and a new simulation 
was performed with a new set of material constant values. The NMSE 
(Torun and Swaminathan, 2019) is calculated according to (3), where N 
is total number of grid elements, y(x) is the experimentally obtained 
displacements and ŷ(x) is the FE model predicted displacements. 

f(x)  =NMSE= 
∑N

i=1(ŷ(xi) − y(xi))
2

∑N
i=1

(

y(xi) −
1
N

∑N
i=1y(xi)

)2 (3) 

For the NMSE evaluation in the optimization scheme, only the data 
from the central region (50% of the width of the cross sections) was 
used. 

The optimization problem posed by the iFEM framework corre-
sponds to finding the global minimum of a possibly non-convex func-
tion, defined as 

x̃= argminx∈X f(x) (4)  

where x is the D-dimensional input vector, X ∈ R D is the optimization 
search space and f( ⋅) : X →R is the objective function to be minimized. 
In the iFEM framework, x in (4) corresponds to the material constants of 
the Yeoh models of the fibrous intima and arterial wall components and 
f( ⋅) is defined as the error, more specifically NMSE, between experi-
mentally obtained and FE model predicted axial displacements as in (3). 
The optimization stopped after 400 iterations. 

A major challenge of the optimization problem in hand is the 
objective function queries corresponding to computationally intensive 
FE simulations as increasing number of function evaluations can lead to 
impractical computational requirements. Hence, the goal of the opti-
mization algorithm used in the iFEM framework is to find the optimum 
material properties that minimize the objective function, f( ⋅), using as 
few function evaluations as possible. However, conventional techniques, 
such as gradient-based and evolutionary ones, often times show poor 
performance in such optimization problems (Swaminathan et al., 2020). 

To address these optimization related challenges, we employed a 
machine learning based global optimization technique, namely Bayesian 
Optimization (BO). BO is a class of active learning based machine 
learning method and specially aims to minimize number of function 
evaluations required to find the global minimum of non-convex and 
black-box functions. Hence, it is a very promising alternative to con-
ventional algorithms for material property estimation purposes through 
iFEM. BO combines two components to solve the optimization problem 
in (4), namely a probabilistic model and a sampling strategy. More 
specifically, at tth iteration of the optimization, previously collected 
function queries, {xi, f(xi)}

t
i=1, are used to train a Gaussian Process (GP) 

model. The role of GP is to approximate the objective function, f( ⋅), and 
provide a predictive posterior distribution to estimate the value of 
function at non-queried input locations. The GP posterior is then used to 
create the sampling strategy called as an acquisition function, u(x). The 
acquisition function is then maximized using an auxiliary optimization 
procedure and the resulting point is selected as the next sampling point 
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(xt+1), i.e. next material constant combination to be used in the opti-
mization loop. It should be noted that the auxiliary optimization of u(x)
is a computationally inexpensive procedure and does not involve any FE 
based simulations since u(x) is constructed using the predictions pro-
vided by a fast-to-evaluate GP model. The summary of the BO frame-
work is illustrated in Fig. 5. 

Among many possible BO based algorithms, in this paper, we use 
DPTBO (Torun and Swaminathan, 2019), which is a recently developed 
method that is suitable for high-dimensional sample spaces. In the 
context of material property characterization using the iFEM approach, 
the capability of handling high-dimensional problems enables managing 
complex material models with a high number of material constants, such 
as the Yeoh model. The reader is referred to (Torun and Swaminathan, 
2019) for a more comprehensive overview of BO and the description of 
the DPTBO algorithm. 

2.4. Evaluating uniqueness of the material properties 

The output of the iFEM procedure is a single set of six material 
constants, namely the ci values (i = 1,2,3) for the fibrous intima and the 
arterial wall, which are expected to be the best estimation. However, the 
uniqueness of the optimized solution is not guaranteed by just solving 
the optimization problem. Therefore, there is a necessity to check the 
uniqueness of the estimated material constants. 

As explained in the previous section, the BO framework builds a GP 
model to replace the computationally expensive FE analysis with a fast- 
to-evaluate predictive method. It is therefore possible to use this GP 
model to rapidly evaluate the uniqueness of the estimated material 
constants, and obtain the range of parameters that would give the same 
error as the result of iFEM up to a pre-determined threshold. 

Let eiFEM the be final NMSE value obtained through iFEM, i.e. the 
global minimum of the optimization problem in (4). Our goal is to find N 
sets of material constant values, x1:N, such that. 

fGP(xn)< eiFEM + σ, ∀n = 1,⋯,N (5)  

where fGP( ⋅) is the GP predicted NMSE, σ is the user defined error 
threshold and xn is the set of material constants. To obtain such xn that 
would satisfy (5), we need to invert fGP( ⋅) as 
{

xn = f − 1
GP (yn)

⃒
⃒ eiFEM < yn < eiFEM + σ, ∀n= 1, ⋯, N

}
(6) 

Since fGP( ⋅) is likely to be a non-linear and non-monotonic function, 
its inverse, f − 1

GP , cannot be computed analytically. Therefore, we 
formulate the objective in (6) as a Bayesian problem and use a Markov 
Chain Monte Carlo (MCMC) method called as slice sampling (Neal, 
2003) to estimate the distribution of solutions. More specifically, we 
want to sample from the material constants posterior given the final 
NMSE of iFEM, the GP model and the error threshold, i.e. p(x

⃒
⃒ fGP, eiFEM,

σ). Since this posterior is unknown, we use Bayes’ Theorem, to represent 
it in terms of known quantities, given as 

p(x | fGP, eiFEM , σ)∝ p(fGP | x, eiFEM , σ) p(x) (7)

where p(x) is the prior on material constants, taken as uniform distri-

bution within the same bounds used for the iFEM. The likelihood in (7) 
can be written as 

p
(
fGP | x, eiFEM , σ)=N

(
fGP | eiFEM , σ2)

where N (fGP
⃒
⃒ eiFEM, σ2) represents a Gaussian random variable with a 

mean and standard deviation of eiFEM and σ, respectively. The overall 
formulation then corresponds to using slice sampling to sample N new 
material constant values that are most likely to provide the same error 
with a complete iFEM procedure within the pre-specified error threshold 
of eiFEM < yn < eiFEM + σ. The median of N different material constant 
values being close to the solution found by iFEM and their standard 
deviation being small enough implies that the material constant values 
found by iFEM are unique. We again would like to emphasize that the 
slice sampling method solely uses the GP model to obtain such material 
constant values. Since slice sampling, or any other MCMC method, needs 
to query the likelihood function numerous times, using FE analysis to 
calculate the likelihood in (8) would take significant computational 
resources and become impractical. By replacing the FE analysis with GP 
obtained after iFEM with BO, the proposed methodology can accurately 
evaluate the uniqueness of the solution in a rapid fashion. 

3. Results 

Multicomponent material properties of atherosclerotic carotid ar-
teries were extracted from 13 cross sections of five human carotids using 
the developed iFEM approach. All cross sections had lipid pools, and 
three cross sections (# 5, 6 and 9) contained calcifications. The total 
plaque area ranged from 7 to 24 mm2 with an average of 13 mm2. The 
fibrous intima area ranged from 6 to 18 mm2 with an average area of 10 
mm2, occupying 77% of the total plaque area, on average. The vessel 
wall area ranged from 19 to 34 mm2. 

The inflation experiments on all samples were successfully carried 
out with a stabilized minimal or no leakage. The MRI and ultrasound 
acquisitions were successfully performed and visually clear, high- 
resolution images were obtained for all samples. A representative 
atherosclerotic artery cross section (#8) is shown in Fig. 6, which 
demonstrates the corresponding MRI, ultrasound, FE model and iFEM 
outcome measurements. The presented axial displacements were ob-
tained at the final pressure step of 120 mmHg. Qualitative visual 
assessment of the experimental displacements correctly indicated the 
effect of intraluminal pressurization locally: top portion displaced up-
wards and the bottom portion downwards (both regions with a 
maximum displacement amount of approximately 1 mm), whereas the 
central region showed minimal or no axial displacements. The magni-
tude of displacements at the luminal side was greater than abluminal 
regions as expected. Visual comparison of the color maps of experi-
mental and computational demonstrated a good match. The NMSE value 
achieved by the iFEM approach for this cross section was 2%. The 
convergence was achieved in total of 88 FE model simulations following 
the sharp decrease in NMSE. The c1, c2 and c3 material constants ob-
tained for the fibrous intima were 0.22, 0.44 and 375.23 kPa, and for the 
wall 24.63, − 148.97 and 562.34 kPa, respectively. 

Fig. 5. A high-level summary of the Bayesian Optimization framework.  
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By using the developed iFEM approach, all cases achieved conver-
gence well before the pre-set budget of 400 iterations, with an average of 
133 iterations (approximately 7 hours by using Intel Xeon, 8 cores, 3.7 
GHz CPU, 32 GB Ram). In overall, an average NMSE of 3.8% ± 2.1 was 
successfully achieved for all cross sections. Sample and cross section 
specific computed Yeoh constants for fibrous intima and wall compo-
nents are shown in Table I. The obtained material constants in Table I 
both for the intima and wall layers for all cross sections were observed to 
satisfy the stability criteria restriction (Bilgili, 2004) in (9) for the Yeoh 
model. 

c1 > 0, −
̅̅̅̅̅̅̅̅̅̅̅
3c1c3

√
< c2 < ∞, c3 > 0 (9) 

This criteria was also previously used by others (Lawlor et al., 2011), 
as negative c2 were also observed while c1 and c3 parameters were in the 
positive range. 

The combined final results for the fibrous intima and wall compo-
nents of 13 cross sections are demonstrated in Fig. 7 (a). To check the 
uniqueness of the material constants given in Table I in a population 
based manner, the MCMC based methodology was used as described in 
Section II-G. The error threshold that determines uniqueness is chosen as 
NMSE+5% (σ = 0.05 in (6)) for each cross section. Then, the GPs that 
are trained for each of the 13 cross sections were used to predict N = 500 
sets of additional material properties that would give an NMSE less than 
the original NMSE +5%, resulting in a total of 6500 sets of predicted 
material properties for all 13 cross sections combined. The boxplots of 
these predicted material properties are given in Fig. 7 (b), showing the 
median, 1st and 3rd quartiles of the predicted Yeoh model material 
constants for wall and fibrous intima. This is then compared to the iFEM- 
derived material constants obtained through 13 separate iFEM proced-
ures given in Fig. 7(a). 

For the fibrous intima, the medians for the iFEM-derived and the GP 
predicted c1, c2, and c3 constants were 7.42, − 3.52 and 240.49 kPa, and 
11.42, − 13.60, 235.44 kPa, respectively. For the wall, medians for the 
c1, c2, and c3 constants were calculated as 2.05, 0.88, 334.77 kPa for the 
iFEM-derivations, and as 6.51, − 0.72, 371.96 kPa for the GP-predicted 
solutions, respectively. Overall, the population based iFEM-derived 
(13 samples) and GP predicted (6500 samples) c1, c2, and c3 values for 
both fibrous intima and wall demonstrated similar distributions (Fig. 7) 
and median values. 

For an easier interpretation of the fibrous intima and wall material 
behaviour predicted in this study, Cauchy stress versus stretch ratio 
curves under uniaxial tensile stretch testing conditions were obtained 
using ABAQUS material evaluation functionality (Fig. 8). At 1.1, 1.2 and 
1.4 stretch ratios, the Cauchy stress ranges for the fibrous intima were 
observed to be 0.35–14.74 kPa, 4.06–51.66 kPa, and 31.89–856.02 kPa, 
respectively (Fig. 8(a)). The average Cauchy stresses at these stretch 
ratios were 7.05, 22.54 and 331.13 kPa, respectively. For the wall, the 
Cauchy stress ranges at 1.1, 1.2 and 1.4 stretch ratios were 0.62–20.61 
kPa, 5.73–138.24 kPa, and 39.57–1210.38 kPa, respectively (Fig. 8(b)). 
Average Cauchy stress calculations for these stretch ratios were 8.11, 
47.04 and 602.87 kPa. 

4. Discussion 

In this study, we have demonstrated a pipeline to characterize 
component-wise material properties of atherosclerotic arteries from ex- 
vivo inflation tests. Our novel iFEM pipeline combines the physiological 
loading-mimicking inflation tests with high-resolution ultrasound based 
displacement estimation, high magnetic field MRI, FE modeling and a 
sample efficient optimization scheme. The iFEM pipeline was used for 

Fig. 6. The demonstration of the ultrasound and MR images, FE model, and the experimentally obtained and FE model predicted displacement maps of the 
representative cross section #8. The minimization scheme reached the optimized solution in 88 function evaluations, following the sharp decrease in the NMSE. 

Table 1 
The estimated values of the Yeoh material constants for the fibrous intima and arterial wall by iFEM.    

Fibrous Intima (kPa) Wall (kPa) NMSE 

c1 c2 c3 c1 c2 c3 (%) 

Sample 1 CS 1 20.60 − 24.61 25.00 1.08 333.98 186.11 7 
CS 2 25.00 − 19.34 242.50 0.59 − 1.76 224.92 1 

Sample 2 CS 3 27.80 − 106.79 240.49 0.22 0.44 702.95 5 
CS 4 0.34 0.88 82.49 0.34 4.39 680.06 3 

Sample 3 CS 5 19.14 − 58.01 656.99 0.59 420.12 334.77 2 
CS 6 1.32 − 14.94 210.64 8.16 450.88 280.95 3 
CS 7 3.03 3.52 71.87 22.56 − 66.80 607.93 2 
CS 8 0.22 0.44 375.23 24.63 − 148.97 562.34 2 

Sample 4 CS 9 7.42 1.76 163.41 3.52 1.76 24.27 7 
CS 10 1.81 21.97 278.75 0.34 0.88 363.70 4 

Sample 5 CS 11 22.56 − 3.52 162.68 8.89 − 3.52 189.04 7 
CS 12 4.01 14.06 568.38 27.44 − 98.44 615.25 3 
CS 13 21.58 − 21.09 747.07 2.05 232.03 20.61 4  
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the first time to extract the nonlinear properties of the fibrous intima and 
the vessel wall of atheroscleortic human carotids under physiological- 
like loading conditions. In all analyzed artery cross sections, conver-
gence was achieved with a low error value (<8%), which implies that 1.) 
a succesfull geometry registration between ultrasound and MRI was 
obtained, 2.) the non-linear tissue behaviour can be sufficiently captured 
with the Yeoh material model, and 3.) iFEM successfully predicted 
optimized material constants that represent tissue mechanical behavior. 
Furthermore, the good match between the iFEM-derived solutions and 
the MCMC based technique, explained in Section II.D, indicates popu-
lation based uniqueness of the iFEM-derived solution sets. 

Mechanical characterization of human atherosclerotic carotids pla-
ques and arteries were also performed by some others previously, by 
using uniaxial tensile (Teng et al., 2009; Maher et al., 2009; Lawlor 
et al., 2011; Mulvihill and Walsh, 2013; Tenget al, 2014), (Davis et al., 
2016), (O’Reilly et al., 2020), (Cunnaneet al, 2015), bi-axial tensile 

(Kural et al., 2012), micro-indentation (Chaiet al, 2015; Barrett et al., 
2009; Ebenstein et al., 2009), (Heiland et al., 2013) and compression 
tests (Maher et al., 2009), (O’Reilly et al., 2020). A major advancement 
we provide in our study is the component-based assessment of the ma-
terial properties of atherosclerotic arteries whereas the 
above-mentioned studies were mainly limited to homogenous material 
characterization. Moreover, another important limitation of these 
studies were that the employed mechanical tests could not impose the 
multi-axial, physiological loading conditions. In contrast, our inflation 
tests closely mimic the in-vivo loading. Furthermore, intact arteries are 
used in inflation tests, as such tissue integrity is preserved in the test 
samples contrary to the samples used in the other mechanical tests. 
Although superior in these aspects, inflation tests come along with a 
challenge as the extraction of the material properties are not trivial and 
require advanced techniques, such as iFEM, presented in the current 
study. To overcome the possible immense computational cost of iFEM 
and minimize the number of the FEM simulations, we employed an 
advanced optimization scheme, the DPTBO algorithm. Commonly used 
optimization algorithms usually show slow convergence in CPU inten-
sive black-box optimization problems (Torun and Swaminathan, 2019) 

Fig. 7. The iFEM predicted results for 13 cross sections (a) and GP inverted 
model predictions (b) for checking a possible non-uniqueness existing in DPTBO 
based iFEM solutions. 

Fig. 8. Material behavior of the fibrous intima (a) and wall (b) layers based on 
the iFEM results under uniaxial tensile testing conditions of thought 
experiments. 
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such as the iFEM. For instance, gradient-based methods require 
approximating the gradient by performing additional function queries, 
which can significantly degrade the convergence rate. When 
gradient-based methods are applied to non-convex problems, the opti-
mization procedure needs to be restarted multiple times using different 
initial guesses to avoid a local minimum and reach the global minimum. 
Evolutionary based algorithms such as genetic algorithm and differen-
tial evolution, on the other hand, require a large number of iterations 
while using a large population size to avoid converging to a local min-
imum, which increases the number of function evaluations and can 
quickly become intractable. Contrarily, the BO-based methods such as 
DPTBO are quite favorable for problems such as the iFEM analysis due to 
its sample efficient, robust nature, also successfully demonstrated in the 
current study with fast convergence rates achieved. 

The circumferential strain observed in all 13 of the cross sections 
from diastolic to systolic pressure levels (80–120 mmHg) ranged be-
tween 0.02 and 0.08 with an average (±SD) of 0.03 ± 0.01. Segers et al. 
(Segers et al., 2004), investigated the in-vivo carotid artery circumfer-
ential vessel wall strains (distension) with respect to age, and they 
observed a strain range of approximately 0.03 and 0.08 for above 40 
years. Hence, the strains computed in this work are observed to be in line 
with the in-vivo measurements. In the Cauchy stress versus the stretch 
ratio curves that were obtained in this work, non-linear behaviour was 
clearly observed for both the fibrous intima and the wall layers. It was 
also important to mention that the ranges and average Cauchy stress 
values observed for both the fibrous intima and wall were quite com-
parable. Due to the non-linear stiffening behaviour, the difference be-
tween the wall and fibrous intima was more clearly observed at 1.4 
stretch ratio, in which the wall stress levels were slightly greater than the 
fibrous intima. Similar to our findings, Teng et al. (2014) have also re-
ported comparable fibrous intima and media mechanical behaviour in 
their study where they have characterized component-wise human ca-
rotid endarterectomy samples with uni-axial tensile testing. However, 
they observed stiffer tissue properties in overall than our results, which 
may be attributed to difference of the samples. Since they have used 
endarterectomy samples in their study, the plaque tissue could be more 
at an advanced stage of the disease. Another relevant study was per-
formed by Lawlor et al. (2011), in which the material behavior of human 
endarterectomy samples were predicted by Yeoh material models using 
uniaxial tensile test results. Although they have provided an overall 
characterization for the endarterectomy samples, they have categorized 
their samples as hard, mixed and soft. As the hard tissue group referred 
to highly calcifed plaques, we compared our fibrous intima results to 
their mixed and soft group results. They demonstrated Cauchy stress 
ranges at 1.1, 1.2 and 1.4 stretch ratios between 1.4 and 38 kPa (average 
of 16.2 kPa), 10.8 to 80 (average of 32.5 kPa), and 105.8–193.9 kPa 
(average of 154.6 kPa respectively for the soft; and 7.2–48.3 kPa 
(average of 19.1 kPa), 28.4–115.9 kPa (average of 66.9 kPa), and 
431.4–593.2 kPa (average of 407.6 kPa) respectively for the mixed 
group. Their reported ranges were overall in line and slightly higher 
than the reported stress values in 1.1 and 1.2 stretch values for the 
fibrous intima. The Cauchy stress values in 1.4 stretch ratio provided in 
this work is in between both the soft and mixed ranges. Since they have 
provided overall homogeneous characterization for the endarterectomy 
samples, that could be a possible cause for the minimal difference in the 
reported values. Kural et al. (2012), performed bi-axial tensile testing on 
post-mortem atherosclerotic intact carotid arteries (n = 4) to obtain an 
overall estimation of the square shaped samples. Although the provided 
behaviours were not based on component-wise, the overall behaviour 
provides an important insight to compare with the wall layer properties 
predicted in this work. For 1.1 and 1.2 stretch ratio levels, they have 
observed Cauchy stress ranges of 13.4–24.5 kPa (an average of 
approximately 18.8 kPa), and 33.9–78.6 kPa (an average of approxi-
mately 57.2 kPa), respectively. The provided ranges are in accordance 
with the ranges for the wall component we observed. It is important to 
note that the mechanical behaviour of the cross section numbered 1 in 

our work was observed to have quite low Cauchy stress values for fibrous 
intima. Similar low values were also observed by Lawlor et al. (2011). 

There are some limitations associated with our study and the 
developed pipeline. (1) The Yeoh model is an isotropic material model, 
hence, cannot capture the anisotropic behavior of the wall and the 
fibrous intima. Yet, with the Yeoh models we reached low error values in 
iFEM. Implementation of anisotropic models in our iFEM pipeline 
warrants future research. (2) The experimental deformation data uti-
lized in the iFEM framework was limited to the axial component of the 
displacement fields, obtained in the central region (covering the 50% 
width) of the cross sections. This choice is justified by the fact that the 
axial displacements in the central regions of the cross sections provide 
the most accurate ultrasound measurements, as the side regions undergo 
smaller axial displacements, leading to lower signal to noise ratio, and 
the lateral displacements estimated by cross-correlation technique was 
shown to have greater noise levels than the axial displacements 
(Akyildiz et al., 2016b). (3) The pre-stresses caused by the pre-loading of 
10 mmHg to the reference geometry were not addressed in this study. 
Due to the nonlinear behavior of the arterial tissue, a significant effect 
from the 10 mmHg pressure compared to the zero pressurized arteries 
was not expected. (4) Our analyses were based on plain strain assump-
tion in 2-D FE models, as the out-of-plane stretching was fixed in the 
longitudinal direction. (5) During the inflations testing, in case of min-
imal leakage, a small amount of continuous flow of PBS (maximum of 
4.4 ml/min) with the syringe pump was used. This enabled stabilizing 
the intraluminal pressure. However, these flow levels are not expected 
to affect the quasi-static loading conditions, since the mean flow rate in 
healthy human common carotids were reported to be around 395 ± 79 
mL per minute, and for the severely stenosed (higher than 70% stenosis) 
internal carotid arteries around 351 ± 109 mL per minute (Ackroyd 
et al., 1986). Some techniques have been proposed to quantify the re-
sidual stresses on atherosclerotic arteries (Delfino et al., 1997; Ohayon, 
2007), (Ohayon et al, 2007), but the advancement on this issue is still 
limited due to the complex and heterogeneous structure of atheroscle-
rotic plaque (Akyildiz et al., 2016b). Hence, they were not incorporated 
in the FE analysis. (7) The collection and handling of atherosclerotic 
intact human carotid artery is very challenging. Thus, only a limited 
number of carotid samples were studied. (8) In the current work, we 
focused on the mechanical characterization of the fibrous intima and 
wall components of atherosclerotic carotid arteries. Compared to these 
two, the other two tissue components, calcium and lipid, have distinct 
properties, the former being much stiffer (Gijsenet al, 2021) and the 
latter much more compliant (Loree et al., 1994), hence not included in 
the analysis. Yet, the established framework can be extended to also 
characterize these components. (9) 2-D approach was sufficient for this 
study as there was no longitudinal deformation in the arteries during the 
inflation test due to the applied pre-stretch. However, if needed, the 
entire iFEM framework can be further extended to 3-D, using the recent 
development of cross-correlation approach in 3-D (Fekkes, 2016; Hen-
driks et al., 2016). 

Besides the great addition to our knowledge of component-wise 
material properties of human atherosclerotic carotid arteries, this 
study also presents a novel iFEM pipeline that has the potential for 
clinical translation. Although the impact of the associated relatively 
lower resolution requires further evaluation, by replacing the preclinical 
imaging systems used in the current study with their clinical counter-
parts, the developed pipeline can be used for in vivo characterization. 
This will provide a great advancement in plaque biomechanics field, as it 
will enable to overcome the big challenge of in vivo, plaque specific 
material characterization, crucial for the rupture risk assessment. 

5. Conclusion 

In this work, we presented a framework to characterize multicom-
ponent material properties of atherosclerotic human carotid arteries. We 
obtained nonlinear properties of the fibrous intima and wall layers by 
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testing intact atherosclerotic carotids under physiological-like loading 
conditions ex-vivo and employing a machine-learning based optimiza-
tion algorithm in a sample efficient manner. The trained optimization 
model provided the opportunity to check the uniqueness of the solution 
sets. The developed framework holds great potential for in-vivo appli-
cation by using the clinical counterparts of the preclinical imaging 
techniques that were utilized in the current pipeline. 
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