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Abstract

The carotid bifurcation experiences a complex loading environment due to its

anatomical structure. Previous in-vivo material parameter estimation methods

often use simplified model geometries, isotropic hyperelastic constitutive equa-

tions or neglect key aspects of the vessel, such as the zero-pressure configura-

tion or residual stress, all of which have independently been shown to alter the

stress environment of the vessel wall. Characterizing the location of high stress

in the vessel wall has often been proposed as a potential indicator of structural

weakness. However, excluding the afore-mentioned zero-pressure configura-

tion, residual stress and patient-specific material parameters can lead to an

incorrect estimation of the true stress values observed, meaning that stress

alone as a risk indicator of rupture is insufficient. In this study, we investigate

how the estimated material parameters and overall stress distributions in

geometries of carotid bifurcations, extracted from in-vivo MR images, alter

with the inclusion of the zero-pressure configuration and residual stress. This

approach consists of the following steps: (1) geometry segmentation and hex-

ahedral meshing from in-vivo magnetic resonance images (MRI) at two known

phases; (2) computation of the zero-pressure configuration and the associated

residual stresses; (3) minimization of an objective function built on the differ-

ence between the stress states of an “almost true” stress field at two known

phases and a “deformed” stress field by altering the input material parameters

to determine patient-specific material properties; and (4) comparison of the

stress distributions throughout these carotid bifurcations for all cases with esti-

mated material parameters. This numerical approach provides insights into

the need for estimation of both the zero-pressure configuration and residual

stress for accurate material property estimation and stress analysis for the

carotid bifurcation, establishing the reliability of stress as a rupture risk

metric.
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1 | INTRODUCTION

Cardiovascular disease (CVD) is known to be the leading cause of death worldwide.1 It is estimated that CVDs
were responsible for an estimated 17.8 million deaths in 2017, more than 30% globally and this is predicted to
increase in the future.1–3 The most common CVDs to present themselves are aneurysms and atherosclerosis,1 both
of which occur due to microstructural changes in the vessel wall. Standard diagnosis techniques are based on geo-
metrical measures such as maximum dilation in the case of aneurysm and percent stenosis in the case of vulnera-
ble plaques.4,5 Percent stenosis, a measure based on luminal narrowing, is an inadequate measure when used
alone, as it does not account for the strength of the vessel wall and plaque microstructure. Unfortunately, this
results in unnecessary invasive surgeries being performed due to an inability to determine vessel and plaque
mechanical stability.6 New diagnostic metrics that can aid physician treatment decisions need to be developed.
Many studies have used patient-specific finite element (FE) models to calculate stresses and strains for possible
rupture predictions in both aneurysms and atherosclerotic plaques.7–16 These models are often derived from diag-
nostic images such as CT,17–21 Ultrasound,22,23 or MRI24,25 and provide physiological data that can act as inputs
for computational analysis. It has been suggested that accurately characterizing the stress and strain in patient-
specific models could lead to a more accurate diagnosis of vessel or plaque rupture vulnerability when compared
to standard diagnostic measures.

For accurate patient-specific finite element (FE) analysis, robust geometry segmentation and meshing is
important,20,21 however, using commercially available finite element solvers to hexahedral mesh complex 3D arterial
geometries is very difficult. To-date, studies have created structured hexahedral meshes of carotid
bifurcations,17,18,20,21,24,26–28 but in many cases simplifying assumptions are used. These assumptions range from assig-
ning a uniform wall thickness by extruding the lumen, to assuming the geometry is cylindrical or using a one-layer ves-
sel model. Furthermore, using the current in-vivo imaging techniques, geometries extracted from medical images are
already in a loaded configuration due to a physiological pressure being present in the artery.29 Directly simulating this
geometry will give incorrect deformations to those in-vivo and therefore incorrect stress estimation. Therefore, the zero-
pressure configuration must therefore be estimated to ensure accurate simulation. Multiple studies have looked at esti-
mating the zero-pressure configuration from in-vivo images.29–32 These methods generally involve a forward projection
of the loaded in-vivo geometry with the corresponding pressure to determine a deformed configuration. To which, by
performing a displacement calculation, a back projection of the initial geometry leads to an estimation of the zero-
pressure configuration. A minimisation procedure, usually based on displacement differences between the pressurized
zero pressure configuration and the original in-vivo geometry, is then implemented to increase the accuracy of the esti-
mated zero-pressure configuration.29–32

Furthermore, it has been well documented in the literature that residual stresses are present in arterial
vessels.33–38 These residual stresses have a significant impact on the distribution of physiological stresses through-
out the vessel wall and tend to homogenize the stress distribution within each arterial layer in the physiological
state. Numerous studies have demonstrated that the inclusion of residual stresses under physiological loading con-
ditions substantially reduces the variation in both the circumferential and axial residual stress within the vessel
wall.39–43 Therefore, for structural analysis of the vessel wall, exclusion of the residual stresses in any computa-
tional model would typically lead to an over estimation of the actual stresses on the internal part and an underes-
timation of the actual stresses on the external part of the vessel wall. Excluding the residual stress will therefore
reduce the validity of vessel stress being used as a vulnerability metric. Therefore, to include the residual stress in
FE models, the classical “opening angle” experiment is often performed.39,40,43–46 By cutting the artery in the
radial direction, the vessel springs open due to the release of the circumferential residual stresses in the vessel,
which are tensile on the outer wall of the vessel and compressive on the inner wall. This opened vessel now
serves as the initial configuration and can be closed to incorporate these residual stresses back into the vessel.
Although these methods of implementing residual stresses are often deemed the gold standard, they are not with-
out limitations. As depending on the location of the cut or the geometry of the vessel, the opening angle can be
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different, even in the same artery.39 Furthermore, depending on age and gender, opening angles for every person
would be different47 and this cannot be determined directly in-vivo. Therefore, for inclusion of residual stresses in
patient-specific analyses, a more theoretical approach is required. Many studies have investigated the inclusion of
residual stress numerically and without the use of the opening angle and have demonstrated their ability to repli-
cate deformations observed in-vivo.48–50

Lastly, for material parameter estimation of arterial vessels, many studies have taken excised tissue from
animal models or human cases.51–57 Subsequently, mechanical tests are then performed, which are either uniax-
ial or biaxial in nature, to determine the stress–strain response of the tissue58–60 or relevant imaging is per-
formed to establish the displacement or strain within the tissue57,61 This procedure is then simulated in FEA
with estimated material parameters and then optimized until convergence is observed between experimental
and simulated data.58,62 Although these methods provide insight into alternative material parameter estimation
techniques and the specific nature of each, they are unable to be translated for material parameter estimation
in-vivo. Therefore, alternative methods have used a combination of both in-vivo imaging and inverse FEA to
estimate material parameters based on stresses or strains obtained.63–65 Liu et al, assumed the vessel to be stati-
cally determinate such that the stress in the deformed configuration is insensitive to material properties, giving
an “almost true” or “apparent” stress distribution of the vessel wall when attributed very stiff material proper-
ties.63,66 This method was also numerically validated and provides a robust method to estimate material param-
eters in-vivo.

In this study, we propose a new robust method for the creation and hexahedral meshing of arterial geometries from
in-vivo magnetic resonance (MR) images using available commercial software. This method can provide structured hex-
ahedral meshes of complex arterial bifurcations and can be exported to the desired finite element solver. The method
can also be extended to include the multiple layers of the vessel, plaque components and be tailored for other arterial
geometries such as the aortic arch. Using these patient-specific geometries, we also investigate the importance of con-
sidering both the zero-pressure configuration and residual stresses on estimated material parameters and the stress dis-
tribution throughout the bifurcation, thereby providing insights into the use of stress as a possible plaque/vessel
rupture vulnerability metric.

2 | METHODS

2.1 | In-vivo MR imaging protocol

In-vivo MRI scans of the carotid arteries were obtained from healthy volunteers using a 3 T whole body MRI scanner
(Achieva, Phillips Medical Systems, Best, the Netherlands) combined with an 8-channel dedicated bilateral carotid
artery coil (Shanghai Chenguang Medical Technologies, Shanghai, China). The imaging parameters used for the crea-
tion of the geometries are shown in Table 2 with the field of view (FOV) centered on the carotid bifurcation after locali-
zation using the time of flight (TOF) sequence. For further clarity, the echo time (TE) and repetition time (TR) are
pulse sequence parameters set in MRI to acquire images of different contrasts. The imaging sequences that these
parameters can give, typically referred to as T1 and T2 are based on time relaxation parameters that are characterized
from the MRI signal decay. Ultimately, giving T1 weighted and T2 weighted images respectively. Turbo spin echo (TSE)
is then a further extension of the standard T2 sequence whereby you can capture the entire decay of the T2 signal by
recording a number of echoes. These contrasts enable different components of the tissue to be effectively delineated
from one another.67,68

For each volunteer, cuff diastolic and systolic pressures were recorded as shown in Table 1 and used as loading con-
ditions in our finite element simulations. A triggering time was imposed so imaging could take place at both the dia-
stolic and systolic phases of the cardiac cycle. This changed the overall scan time for each patient as it was dependent
on their heart rate.

To test the impact of image resolution on our models, the field of view was translated by 1 mm in the z-direction
and then shifted 1 mm again with acquisitions at both locations. This created a higher resolution with an “apparent”
slice thickness of 1 mm. After imaging, the resulting images were reallocated into the image stack, with a registration
landmark set at the center of the lumen ensuring that the images were correctly aligned so accurate segmentation could
be performed.
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2.2 | Segmentation, preparation and hexahedral meshing of arterial bifurcations

2.2.1 | Segmentation

After image acquisition, the DICOM stacks were input into Simpleware ScanIP (Synopsys, Inc., Mountain View, USA)
for segmentation. The stack was first cropped to the region of interest and a mask was defined to perform the segmenta-
tion. Curves were delineated and arteries were then segmented manually from T2 weighted images of the carotid artery
due to the high contrast of the vessel wall compared to the lumen and the surrounding tissue, see Figure 1A. Each slice
was analyzed independently to ensure that the segmentation was as accurate as possible. This method accounted for
the variable wall thickness of the vessel wall.

TABLE 1 Information acquired from volunteers

Acquired information Volunteer #1 Volunteer #2 Volunteer #3

Age (years) 25 30 42

Diastolic pressure (mmHg) 75 68 82

Systolic pressure (mmHg) 112 107 120

TABLE 2 Image acquisition parameters used for visualizing the vessel wall

Sequence parameters Time of flight T1 T2 TSE

Number of slices 48 8 8 8

Echo time (ms) 25 984 3000 2 R-R Intervals

Repetition time (ms) 3 11 38 38

Resolution (mm) 0.5 � 0.5 0.5 � 0.5 0.5 � 0.5 0.5 � 0.5

Slice thickness (mm) 3 3 3 3

Number of echoes 1 1 1 6

Average scan time (min) 2:06 6:30 6:38 6:38

TABLE 3 Material parameters used in computational models70

C10 (kPa) k1 (kPa) k2 κ θ (�)

6.56 1482 561 0.16 37

TABLE 4 Lower and higher bounds set for material parameter estimations. Material parameters used here are extracted from Balzani

et al.70

Parameters C10 (kPa) k1 (kPa) k2 κ θ (�)

Lower bound 0 0 0 0 0

Initial input parameters 6.56 1482 561 0.16 37

Higher bound 20 2000 1000 0.33 45

TABLE 5 Implemented material properties in each case for one geometry

Parameters C10 (kPa) k1 (kPa) k2 κ θ (�)

Case 170 6.56 1482 561 0.16 37

Case 2 9.36 1639 528 0.16 37

Case 3 6.72 1836.93 817.22 0.13 35

Case 4 11.68 1468.93 512.62 0.23 39
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2.2.2 | Geometry preparation

Once created, the segmented geometries needed to be smoothed further to avoid sharp edges in the reconstructed
artery. This was especially important at the location of bifurcations, where an un-smoothed geometry could result in

FIGURE 1 (A) Delineation of vessel from T2 weighted MRI images and creation of 3D stack (B) Initial model created – determining the

location of sharp edges and smoothing the geometry (C) Surfaces of new smoothed surface are extracted and volume model is created for

export into mesh pre-processor (D) Hexa-block tool used to define the geometry and create hexahedral finite element meshes of the

bifurcation.
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elements that cause not only numerical convergence issues but locations of high stress. Using ANSYS Spaceclaim
(ANSYS Inc, USA), the geometry was imported and the STL facets were checked using the inspect function. Sharp
edges, as shown in Figure 1B, were firstly highlighted and subsequently smoothed using the fix sharps tool. After all
sharp edges were removed, curves were extracted from the boundaries of the vessel wall by obtaining cross sections of
the geometry using a series of parallel planes, see Figure 1C. These curves were then connected to construct the inner
and outer surfaces of the arterial wall. The geometry was then stitched together to ensure there were no gaps between
surface interfaces in the next step. The blend function was then applied to connect the inner and outer vessel wall to
ensure a connected geometry. These smoothed surfaces were then saved as STL meshes to export to ANSA pre-
processor software.

2.2.3 | Hexahedral meshing

After importing the new processed STL geometry, hexahedral meshing was performed using ANSA pre-processor soft-
ware (v17.0, BETA CAE Systems, Thessaloniki, Greece). Using the Hexa Block module, the volume of the STL was
defined initially in the form of a box, see Figure 1D. This box was first split into four sections and the outside perimeters
of the boxes were then moved to fit to the curvature of the geometry. Crosshatch faces, which are the intersecting
planes between adjacent boxes, were then selected to separate the joined boxes in order to fit three independent boxes
defining the three different sections of the carotid artery, more specifically, the common carotid, internal and external
carotid. The perimeters of each defined box were then assigned to the outer wall of the geometry using the project to
surfaces tool while the edges at proximal and distal were assigned using the project to edges tool. To include the inner
wall, the O-Grid function was used, whereby inner perimeters were created and assigned to the interior wall, again
using the project to surfaces and project to edges tools. To complete meshing, the connecting hatches in the lumen of the
model were removed leaving just the assigned boxes to the vessel wall. This step is not necessary if fluid-based models
are desired. Finally, the Pure Hexa module was applied to automatically generate a structured hexahedral mesh of the
bifurcation with the desired mesh density. This mesh density could be set by setting the desired number of elements on
the perimeters of the assigned boxes.

2.2.4 | Constitutive equation and boundary conditions

For implementation in all models, the fiber-reinforced HGO hyperelastic material model was used.69 This model
assumes that the tissue is composed of a matrix material that is embedded with two families of fibers, each has a pre-
ferred fiber direction. Mathematically, the model can be expressed by the strain energy function W:

W ¼C10 I1�3
� �þ k1

2k2

X

i¼4,6

exp k2 Ii�1
� �2h i

�1
n o

,

where

κ¼
Z π

0
φ θð Þsin3θdθ, ð1Þ

where C10 is used to describe the isotropic matrix material along with the deviatoric strain invariant I1. k1 is a positive
material parameter with the units of kPa, while k2 is a dimensionless parameter. The deviatoric strain invariant Ii is
used to characterize each fiber family and κ is used as a dispersion parameter describing the fiber distribution, whereby
κ = 0 describes high alignment, while κ = 0.33 means the fibers are isotopically distributed. Θ is defined as the angle
between the fiber direction and the circumferential axis. Five material parameters are therefore required to be input for
the models and the values used are those in Balzani et al.70 and are reported in Table 3.70

The boundary conditions adopted in these models involved constraining the proximal side (side closest to the heart)
in x, y, and z, while the distal side (closest to the brain) being constrained in x, y, and z. The pressure was then
implemented as a loading condition on the internal side of the computational model of the vessel.
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2.3 | Zero-pressure configuration

The method for estimation of the zero-pressure configuration is detailed in the workflow illustrated in Figure 2, and is
adapted from Raghavan et al.29 Implemented in MATLAB (MATLAB 2019a, The MathWorks, Inc., Natick, Massachu-
setts, United States), X is the N � 3 array that describes the original undeformed nodal coordinate positions (x, y, and z)
and x is denoted to represent the deformed configuration after pressure loading. Element connectivity is kept constant
throughout ensuring that no errors were incurred between initial and deformed configurations. Illustrated by the
workflow in Figure 9, the in-vivo geometry was extracted using the protocols described in Section 1. This initial in-vivo
geometry (X1Þ is initially assumed to be stress free and loaded with in-vivo pressure conditions (P1Þ. For our models,
the systolic pressure was used in each case. To create our candidate zero-pressure configuration, the displacement vec-
tor field (U1Þ was calculated. This displacement field vector is a subtraction of the initial in-vivo geometry and the
deformed configuration (x1Þ.

U1 ¼X1� x1, ð2Þ

Once calculated, the displacement field is scaled using a parameter K and subtracted from the in-vivo geometry to
obtain the first estimate of the zero-pressure configuration (X2).

X2 ¼X1�K:U1: ð3Þ

Here, it is again assumed that this first estimate of the zero-pressure configuration is stress free. The same pressure
condition P1ð Þ is imposed as in the previous step to obtain a new deformed configuration (x3Þ.

Theoretically, this new deformed configuration (x3Þ should be equal to the in-vivo geometry (X1Þ from our initial
step. However, due to the mechanical properties, the deformation of the geometry will be different. Therefore, to

FIGURE 2 Algorithm workflow for extracting the zero-pressure configuration from a vessel geometry with known pressure conditions
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improve accuracy of the geometry estimated, an objective function of the displacement (UobjÞ between the initial in-vivo
geometry (X1Þ and the deformed zero-pressure (x3Þ configuration is implemented.

Uobj ¼ X1�x3ð Þ2� �
, ð4Þ

where Uobj is then minimized until it reaches a set tolerance of less than 0.05mm. If the geometry is not deemed opti-
mized after a pre-set criterion of 50 iterations, a new value of K is implemented by incrementing the previous value
by 0.05.

2.4 | Residual stress implementation

For the entire mathematical derivation, the reader is directed to Schroder and Brinkhues.50 Details included here are a
summary of the algorithm implemented in that publication. For implementation into our models, we assumed that
arterial tissue is an incompressible material. For fiber-reinforced tissues such as arteries, we additively decomposed the
Cauchy stress tensor σ into deviatoric ground stresses σ� and reaction stresses σreaction, which represent the influence of
the fiber stress state.

σ¼ σ� þσreaction: ð5Þ

It is then assumed that this reaction stress is composed of the hydrostatic pressure imposed, the fiber tensions T1 and
T2 and the structural tensors m1 and m2 which incorporate the preferred fiber directions a1 and a2.

σreaction ¼T1m1þT2m2 ð6Þ

ma ¼ a að Þ
O

a að Þ witha¼ 1,2, ð7Þ

For the fiber tensions, T1 and T2, these can be obtained by using Equations (6) and (7), respectively. Here, the abbrevia-
tions ξ¼m1 :m2 ¼ cos2;, where ; is the inclination angle between the two fiber directions.

T1 ¼ σ :m1�σ :m2 : ξ

1� ξ2
, ð8Þ

T2 ¼ σ :m2�σ :m1 : ξ

1� ξ2
: ð9Þ

For physiological loading conditions, local volume averages of the fiber stresses are calculated for each decomposed vol-
ume segment vmat

Tmat
1 ¼ 1

vmat

Z
T1dv, ð10Þ

Tmat
2 ¼ 1

vmat

Z
T2dv: ð11Þ

With the difference between this mean value and the fiber stresses giving Equations (12) and (13).

ΔT1 ¼T1�Tmat
1 , ð12Þ

ΔT2 ¼T2�Tmat
2 : ð13Þ
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where we now estimate the residual stresses to be

σres ¼�ΔPþΔT1m1þΔT2m2: ð14Þ

By which ΔP¼ 1
3 ΔT1þΔT2ð Þ:

Now that we have calculated our residual stress tensor σres, we can subtract this from the initial stress calculated σ�

to get our inclusion of our residual stresses in our Cauchy stress tensor by

σ¼ σ� �σres: ð15Þ

The method implemented in this study follows the algorithmic approach detailed in Schroder and Brinkhues.50

Extended to 3D models, the residual stresses are incorporated by including a tensional fiber stress to homogenize the
stress gradient throughout the vessel wall. Implemented via Abaqus UMAT and URDFIL subroutines connected by
common blocks to allow the exchange of variables such as section volume, the algorithm is as follows:

a. Segment the arterial wall into volume sections (see Figure 3). Done in ANSA pre-processor software.
b. Define a suitable stress measure (tensional fiber stress).
c. Compute the local volume averages of the stress measure and the deviation of local and averaged stress measure in a

section of interest.
d. Define the amount of residual stresses and apply a proportionate value to the equilibrium stress state (state at which

geometry is loaded and not considering the residual stresses).
e. Iterate until convergence of the stress measure is observed.

Like Schroder and Brinkhues,50 steps (C–E) are denoted as a “smoothing loop”; by which the smoothing loop is
repeated until convergence of the solution is reached when no significant changes in the residual stresses are observed.

2.5 | Inverse material parameter estimation implementation

The method of parameter estimation in this study is adapted from the implementation in Liu et al.58 The following
statements are made to provide clarity in the method implemented:

a. In-vivo loaded geometries are extracted from two known phases in the cardiac cycle (.e.g., Diastole and Systole).
b. Finite element meshes at the two phases are constructed to ensure they have mesh correspondence, that is, consis-

tent number of elements and connectivity. This ensures that the displacement field can be obtained correctly.
c. Thickness of the vessel wall can be directly inferred from MR Images.

FIGURE 3 Defining volume sections throughout right bifurcation models. The material is defined in each section and volumes are

calculated. L denotes that the bifurcation is on the left side, while R denotes that the bifurcation is on the right side.
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d. Assuming that the vessel is statically determinant, assigning linear elastic properties (E = 2 � 104 GPa and
v = 0.4958) will give the “almost true” stress state of the vessel, within 10% of the actual true stress experienced by
the vessel.

The inverse finite element algorithm workflow for material parameter estimation is illustrated by the schematic in
Figure 4 and is performed in Isight (Dassault Systemes Simulia corporations, Velizy-Villacoublay, France). This
approach leverages that the “almost true” stress field of the vessel wall can be approximately determined using linear
elastic properties.

Different parameterized Abaqus input files have been designated accounting for the diastolic, systolic and zero pres-
sure configuration cases. The input files are imported into the Abaqus component of Isight with the material parame-
ters set as optimization variables. The optimization process is then formulated as follows: the objective is to find a set of
constitutive parameters (C10,k1,k2,κ,and θ), for the element type C3D8H in Abaqus. The square stress at all integration
points are calculated and summed together as the value of the objective function as stated in the equation:

gerr ¼
XN

m¼1

X6

i¼1

σsimsys �σestsys C10, k1, k2, κ, θð Þ
h i2

, ð16Þ

where σsimsys is the “almost true” stress state and σestsys is the estimated stress state with assigned material parameters. N is
the number of elements used in the optimization. Upper and lower bounds stated in Table 4 are set for all parameters.

To test the effect of including the zero-pressure configuration and residual stress on estimated material parameters
and the overall stress distribution throughout the bifurcation, a number of cases are considered:

Case 1. Models that are extracted at the diastolic phase are simulated with literature material parameters
and the stress distribution is observed. This is without inclusion of the zero-pressure configuration, residual
stress or estimated material parameters.

Case 2. Models are simulated with material parameters estimated from diastole to systole. The stress distri-
bution is then observed.

Case 3. Models start in the zero-pressure configuration and material parameters are estimated by going
from this zero-pressure configuration to diastole and systole. The stress distribution is then observed.

Case 4. Residual stress is included with the models at the zero-pressure configuration and material parame-
ters are estimated by going from the zero-pressure configuration to diastole and systole. The stress distribu-
tion is then observed.

FIGURE 4 Algorithm workflow of the implemented inverse FE algorithm for material calibration of the carotid artery in Isight
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To further investigate the effect of including the zero-pressure configuration and residual stress on the stress strain
response, a single element attributed with estimated material parameters is simulated in uniaxial tension. Furthermore,
following the previously established method by McGee et al 2019,71 percentage volume plots are extracted from the
bifurcation models by using the EVOL field output in Abaqus to obtain the volume and then setting stress bands of
50 kPa in order to observe the effect these implemented methods have on the stress distribution.

3 | RESULTS

3.1 | Effect of image resolution on stress calculations

To demonstrate the sensitivity of our models to stresses calculated, it is important to do a mesh convergence analysis.
This is to ensure that the most accurate stress estimation can be calculated in the least amount of computational time
without compromising the accuracy of the result. In this mesh convergence analysis, the location of the highest stress
was the location of interest and like the literature and from these biomechanical models, highest stresses were observed
at the location of the apex of the bifurcation.

For robust mesh convergence analysis, it would be logical to argue that for models of similar geometry, then the
same level of mesh refinement would be suitable to obtain the same level of accuracy. Therefore, 250,000 elements are
deemed enough for our analysis as values do not change by more than 5% of the previous value, see Figure 5. Interest-
ingly, it is observed that convergence of stress results is independent on the model resolution. For our low-resolution
model, the convergence is observed at a stress value of 286 kPa while for the high-resolution model the convergence is
observed at stress values of 145 kPa. The sensitivity difference between these two observed values is 49%, which is a sig-
nificant increase and would lead to an overestimation of the stresses at the apex location.

3.2 | Optimization of the zero-pressure configuration

3.2.1 | Cylinder model

For our estimation of the zero-pressure configuration, an idealized cylinder model is first used to test the robustness of
the implemented algorithm. For our idealized model, the wall thickness was set to be 0.75 mm with an inner diameter
of 2 mm. An internal pressure was also assigned to be 16 kPa. As demonstrated by Figure 6A, the estimated zero pres-
sure configuration comprises of a lower luminal radius and larger wall thickness when compared to the initial loaded
configuration. This is expected and follows results demonstrated in Raghavan et al.29

FIGURE 5 Mesh convergence results for bifurcation geometry 2 L at two different resolutions (A) Low-resolution model where Number

of slices (N) = 8. (B) high-resolution model where Number of slices (N) = 24
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3.2.2 | Bifurcation Models

As shown by Figure 6B, the algorithm shows convergence of the used scaling parameter K to be in between 0.9 and
1 for all 6 bifurcation models, which is similar to results obtained in Raghavan et al.29 for an aneurysmal model.29 After
finding the optimal zero-pressure configuration, the wall thickness of the bifurcation models increased with a decrease
in luminal radius. It is important to note that lower increments <0.05 increases the accuracy of the estimated zero pres-
sure configuration. However, due to a new simulation being needed after each iteration, this would increase the compu-
tational time needed.

3.3 | Optimization of residual stress inclusion

To validate the accuracy of the implemented algorithm, a simplified cylindrical model was used. The reason for this is
to have an approximate value of stress to optimize toward otherwise a complete smoothing of the gradient would be
achieved. Using classical mechanics, it was possible to calculate the expected stress manually before our simulation to
validate the calculated stresses observed in our model. By assuming that the model is a thin-walled cylinder, the cir-
cumferential stress can be calculated by

σcir ¼ Pd
2t

, ð17Þ

FIGURE 6 (A) Optimization of the zero-pressure configuration for an idealized cylinder model. The wireframe shown in (i) depicts the

initial geometry, while the green geometry shown in (ii) shows the estimated zero pressure configuration. (B) Optimization of the zero-

pressure configuration for patient-specific carotid bifurcation models
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where P is the pressure imposed, d is the inner diameter of the model and t is the wall thickness. For our model, the
wall thickness was 0.75 mm with an inner diameter of 2 mm. Pressure imposed for the model was set to be 120 mmHg
which corresponds to approximately 16 kPa. The circumferential stress calculated for this cylindrical model was
21.3 kPa, see Figure 7A.

3.3.1 | Cylinder model

Using the same dimensions as our theoretical model, both the tensional fiber stresses T1, T2 and maximum principal
stress gradients decrease when imposing an increased number of smoothing loops. Residual stress was deemed to be
incorporated into the model when the tensional fiber stress T1 converged but preserved the small gradient of maximum
principal stress from the inner to outer wall, as shown in Figure 7C. Tensional fiber stress T2 is equal to T1. A total of
10 smoothing loops were determined to be enough to incorporate residual stresses into our cylindrical model as the ten-
sional fiber stress converged when the tensional fiber stress from inner to outer wall was within 10%. For our cylindrical
models, the maximum principal stress from outer to inner wall goes from 25 to 21 kPa with the inclusion of residual
stresses as illustrated in Figure 7B. This is in the range of our theoretical calculation that the vessel wall experiences a
stress of approximately 21.3 kPa.

FIGURE 7 Inclusion of residual stresses in our cylindrical model (A) Theoretical calculation of the circumferential stress

(B) Circumferential stress contour plots showing the vessel without the inclusion of residual stress (top) and with the inclusion of residual

stress (bottom) (C) (i) Fiber stress T1 (kPa) over the normalized radius (mm) after applying 0, 5 and 10 smoothing loops (ii) Impact of

inclusion of residual stresses on the maximum principal stress (kPa) after applying 0, 5 and 10 smoothing loops
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3.3.2 | Bifurcation model

To determine the optimum number of smoothing loops needed for our bifurcation models, the process was extended to
include additional smoothing loops until values of less than 5 kPa were seen in the tensional fiber convergence. The
location of interest is the bifurcation apex, where we see the largest gradient of stress through the vessel wall.

Like the results obtained in our simplified cylinder model and similar to the previous studies,50 both the tensional
fiber stress T1 and maximum principal stress gradients decrease when imposing an increased number of smoothing

FIGURE 8 (A) Locations across the bifurcation for theoretical approximation of the circumferential stress (B) Inclusion of the residual

stress at the common (CCA), external (ECA) and internal (ICA) carotid artery (C) Inclusion of residual stresses in the bifurcation model

looking at the fiber stress T1 (kPa) over the normalized radius (mm) after applying 0, 5, 10 and 15 smoothing loops (D) Impact of inclusion

of residual stresses on the maximum principal stress (kPa) after applying 0, 5, 10 and 15 smoothing loops
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loop, see Figure 8C, D. The gradient of stress seen initially is considerably larger than our cylindrical model and there-
fore requires more smoothing loops for our tensional fiber stress to converge to our pre-set criterion. Furthermore, a
reduced gradient of stress is preserved from inner to outer wall, demonstrating we have included the residual stress in
our models. Again theoretically, the predicted stress at locations such as the common, internal and external carotid are
similar to the predicated values after the inclusion of the residual stress, see Figure 8A, B.

3.4 | Estimation of material parameters and calculation of the stress distribution

Presented in Figure 9 are the results obtained after simulating each case for one geometry, see Table 5 for associated
material properties. Six geometries were simulated in total and the reader is directed to the supplementary documenta-
tion provided for the simulation results on the other five geometries.

Figure 9 A–D demonstrates that the peak stress values are different in all cases considered, whereby the stress is
highest with material parameters taken from literature (Case 1) and the lowest when we include both the zero-pressure
configuration and residual stress (Case 4). Furthermore, this is observed in all geometries, see supplementary documen-
tation. In Case 2 material parameter estimations, the geometry taken from diastole is attributed material parameters
from Case 1 that need to be optimized and is loaded to systole. It is observed that due to the small deformation from
diastole to systole that the most significant parameter change comes from C10, which describes the isotropic ground
matrix of the tissue and is responsible for its initial response. In Case 3, the material parameter estimations are deter-
mined when the zero-pressure configuration of the geometry is incorporated and then loaded to both diastole and sys-
tole. Due to the greater deformation of the geometry to the desired phases, the material parameters now start to alter
more significantly. In this estimation, the parameters C10, k1 and k2 differ significantly from the original input parame-
ters. κ and θ alter slightly but not significantly from the original input parameters. In Case 4, material parameter esti-
mations, where we included the zero-pressure configuration and residual stress, it is observed that loading this to both
diastole and systole, not only do they alter C10, k1, and k2 but also the dispersion parameter κ. In Case 4, due to the sig-
nificant change in κ the fibers become more dispersed when residual stress is included, decreasing the peak stress
values observed in all regions of the bifurcation. Our single element result is shown in Figure 9E, highlights the effects
of the estimated material parameters with the inclusion of the zero-pressure configuration and residual stress. In all

FIGURE 9 (A) Simulated stress result for Case 1 (B) Simulated stress result for Case 2 (C) Simulated stress result for Case 3

(D) Simulated stress result for Case 4 (E) Single element test of estimated material parameters under uniaxial tension (F) Percentage of

volume graph for the four cases showing the stress distribution throughout the vessel wall
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cases, the parameters taken directly from literature show a stiffer response then what is seen when we have optimized
patient-specific parameters, whereby it is observed that the inclusion of the zero pressure configuration and residual
stress has a distinctly less stiff response. Lastly, the decrease in peak stress values and the stress distribution is further
validated by the percentage volume plots shown in Figure 9F. It is observed that there is an increase in the percentage
volume of the lower stress value band (0–50 kPa) when the zero-pressure configuration and residual stress is included
in the model (Case 4), depicting a less stiff response and lower peak stress values when compared to literature parame-
ters (Case 1).

4 | DISCUSSION

4.1 | Impact of axial resolution on geometry stress calculation

As observed in our Section 3.1 results, the high-resolution model with an “apparent” image slice thickness of 1 mm
reduced our calculated stress at the apex of the bifurcation models. This agrees with the previous research undertaken by
Nieuwstadt et al, 2014, whereby on a simulated MRI dataset they determined that lower stresses are predicted with higher
resolution models.72 To the authors' knowledge, this investigation is the first to look at whether this also holds true for in-
vivo MRI datasets. In terms of our created geometries, convergence of stress values at the bifurcation apex was observed
at a mesh density of approximately 250,000 elements. Convergence was deemed to have been achieved when the stress
values did not differ by more than 5% of the previous value. Interestingly, it was observed that for both the higher and
lower resolution models, convergence was observed at different stress values. This is due to one geometry being created
with a higher resolution than the other. A limitation that should be considered, however, is scanning duration as acquir-
ing a high resolution may require longs scans and motion may cause reduced image quality over long scan times.

Overall, a robust technique for creating carotid bifurcation geometries from MRI has been established. From seg-
mentation, preparation and meshing, these techniques can be translated to other arterial geometries, if required. The
sensitivity of stresses calculated is dependent on the resolution of the acquisition that is used; therefore, a higher resolu-
tion scan is desirable.

4.2 | Inclusion of the zero-pressure configuration

Using the method presented in Section 2.3, the zero-pressure configuration can be extracted for idealized models and arte-
rial bifurcations. For our idealized cylinder model, the robustness of the algorithm was demonstrated by recovering the
estimated zero pressure configuration after inputting a known pressure state. The scaling parameter K was optimized at
0.90 to 1 in the idealized case. For our bifurcation models, the algorithm successfully estimated the zero-pressure configu-
ration from geometries at a known phase in the cardiac cycle. Due to the geometry not being idealized, the scaling param-
eter needed to be optimized to determine the optimum incrementation to be used for robust estimation. This was found
to be in the region of 0.9 and 0.95 for all geometries tested here, see Figure 6. It was determined that an increment of 0.05
for new guesses of the zero pressure geometry delivered sufficient accuracy and proved to be most time effective for our
models and is also the increment implemented in Raghavan et al.29 If stress is to be used as a clinical vulnerability indica-
tor, then the zero-pressure configuration must be included for simulation of the arterial bifurcation.

4.3 | Inclusion of residual stresses

The algorithm presented shows that we have homogenized the gradient of stress in the radial direction to represent the
presence of residual stress in both our idealized cylinder model and our bifurcation models, see Figures 7 and 8. Our
idealized cylinder model shows the robustness of this method and can be compared to the 2D simulations in Schroder
and Brinkhues50, where the gradient of stress in homogenized in the radial direction to a reasonable degree after
10 smoothing loops. The circumferential stress values observed through the wall thickness also falls in the range of the
theoretically calculated value of 21.3 kPa, further validating its implementation. The method presented here extends
the method demonstrated in Schroder and Brinkhues50 to three-dimensional patient-specific models of the carotid
bifurcation. Including residual stress in our patient-specific geometry again homogenizes the gradient of stress observed
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throughout the bifurcation, as shown in Figure 8 but does not completely remove it. Furthermore, this falls in the range
of the theoretical values calculated as shown in Figure 8A. It is also important to note that at the bifurcation apex, we
see the highest change in peak stress values when residual stress is included. The preservation of this gradient through
the thickness is important and observed in the work of Delfino et al.,39 Raghavan et al.29 and Alastrué et al.45 to name a
few. It is important to remember that the residual stress inclusion shown in those studies used the opening angle
approach, something that was not used in this implementation. The reason for this is because the opening angle varies
through the bifurcation and cannot be quantified in-vivo. Therefore, using our approach, we neglect the opening angle,
but show we can incorporate the residual stress of the vessel in an accurate manner.

4.4 | Effect of implemented methods on estimated material parameters and stress
distributions throughout the carotid bifurcation

From our results, the estimated material parameters alter with each geometry even without both the zero-pressure con-
figuration and residual stress. This is due solely to the fact that the geometries are all different; this demonstrates the
need to have patient-specific material parameters. Looking at each geometry individually, it is observed that from dias-
tole to systole (Case 2) that changes in the material parameters are mainly governed by the C10 parameter, which would
depict a linear response. When the zero-pressure configuration is included in our estimations, the geometry has to
undergo further deformation to reach the diastolic and systolic phases, which affects the overall stress that is calculated.
The introduction of the zero-pressure configuration also shows larger changes in the k1, k2 parameters along with an
observed change in C10. It can be stated with the inclusion of the zero-pressure configuration that the contribution of
the collagen fibers in the stress distribution are now being observed. Lastly, the inclusion of the zero-pressure configura-
tion and residual stress alter the C10, k1, k2 and the dispersion parameter κ. As we know from the literature and our
results, the presence of residual stress throughout the arterial wall homogenizes the gradient of stress through the wall thick-
ness. This homogenization affects the parameter estimation and requires the fibers to be more disperse, therefore decreasing
the overall stress of the model. This decrease in the stress gradient from inner to outer wall is seen in all models that includes
the residual stress in the vessel. It is also observed that the maximum principal stress for each model is overestimated when
simulated with material parameters taken from the literature. The stress values decrease when the zero-pressure configura-
tion and residual stresses are included, whereby, the residual stress is the most critical in terms of impact on the stress distri-
bution. Overall, this is important as it demonstrates the need for tailoring the analysis to be patient specific and to include
the zero-pressure configuration and the residual stress when estimating material parameters. Overestimation of the stress
with parameters from literature and exclusion of the zero-pressure configuration and residual stress leads to a mis-
characterization of the vulnerability of the vessel if stress is used as a vulnerability measure.

5 | CONCLUSIONS

The work presented here shows the impact of excluding the zero-pressure configuration and residual stresses in the estima-
tion of material parameters and stresses at the carotid bifurcation and is a clear advancement on the previous studies.63

This study has demonstrated that the zero pressure configuration, residual stress and estimating the material parameters
can significantly change the stress and its distribution through the vessel wall. Furthermore, this study has shown how
multiple methods can be combined together effectively, using commercially available software, to include these individual
phenomena, thereby making it more translatable to clinical and research practice. This study however has a number of
limitations. The first limitation of the study is that the carotid wall is assumed to be made of one material. This is not the
case as arterial tissue is composed of three distinct layers, the tunica intima, the tunica media, and tunica adventitia, all of
which independently have their own opening angle, and therefore residual stresses. The second limitation of the study is
exclusion of diseased vessel bifurcations in the analysis of the effect of the zero-pressure configuration and residual stresses.
The level of residual stress present in atherosclerotic plaques has been debated in the literature,73 and characterization of
this is important for robust stress estimation. Furthermore, the exclusion of the residual stress from the vessel wall with
plaque tissue would significantly alter the calculated stress values. Therefore, a minimum requirement for a more accurate
simulation should involve removing the plaque, including the residual stress in the vessel wall and re-incorporate the
plaque back into the model. Additionally, the protocol for geometry segmentation and meshing can be extended to include
the meshing of multiple layers and plaque components and will be the focus of future work. By defining different volume
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sections, as shown in Figure 3, further specification of the model can be achieved by delineating individual vessel layers
and/or different plaque components. Furthermore, multiple objective functions can be set in Isight to enable optimization
of the properties of different components. Lastly, the angle of fibers does not show considerable change in all estimations
undertaken here. This could be from the fact that different ranges of axial strain were not implemented in our material
parameter estimation and kept constant for all models. It is expected that if higher levels of axial strain are imposed, the
angle of fibers would alter and would start to play a more significant role in the stress distribution and peak stress values.14

To conclude, this study has shown the importance of including these methods in determining a more accurate stress distri-
bution throughout the vessel wall. Consequently, for stress to be used clinically as a rupture vulnerability measure, these
methods must be used to provide a better estimate of the stress being experienced in-vivo.
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