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Abstract

Background: Traditional medical imaging studies and biomechanical researches have
limitations in analyzing the long-term evolution process of AAA (Abdominal Aortic
Aneurysm, AAA). The HCMT (Homogenized Constrained Mixture Theory, HCMT)
allows for quantitative analysis of the changes of the three-dimensional morphology
and composition of AAA. However, the accuracy of HCMT still requires further clinical
verification.

Objective: This study aims to establish a patient-specific AAA growth model based on
HCMT, simulate the long-term G&R (Growth and Remodeling G&R) process of AAA,
and validate the feasibility and accuracy of the method using two additional AAA cases
with 5 follow-up data.

Methods: The media and adventitia of the aorta were modeled as mixtures composed
of elastin, collagen fibers, and SMC (smooth muscle cells, SMC). The strain energy
function was used to describe the continuously generation and degradation of the
mixture during the AAA G&R process. Multiple sets of growth parameters were applied
to finite element simulations, and the simulation results were compared with the follow-
up data for gradually selecting the optimal growth parameters. Two additional AAA
patients with different growth rates were used for validating the method, the optimal
growth parameters were obtained using the first two follow-up imaging data, and the
growth model was applied to simulate the subsequent four time points. The differences
between the simulated diameters and the follow-up diameters of AAA were compared
to validate the accuracy of the growth model.

Results: The growth parameters, especially the stress-mediated substance deposition
gain factor K, is highly related to the AAA G&R process. When setting the optimal
growth parameters to simulate AAA growth, the proportion of simulation results within
the distance of less than 0.5 mm from the follow-up model is above 80%. For the
validating cases, during the 5 follow-up processes, the mean difference rates between
the simulated diameter and the real-world diameter are within 2.5%, which basically
meets the clinical demand for quantitatively predicting the AAA growth in maximum
diameters.

Conclusion: This study simulated the growth process of AAA, and validated the
accuracy of this growth model. This method was proved to be used to predict the G&R
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process of AAA caused by dynamic changes in the mixtures of the AAA vessel wall at
a long-term time scale, assisting accurately and quantitatively predicting the multi-
dimensional morphological development and mixtures evolution process of AAA in
clinic.

Keywords: Abdominal Aortic Aneurysms; Growth and Remodeling; Homogenized

Constrained Mixture Theory; Inverse Method; Finite Element Simulation.

Introduction

In the preoperative diagnosis of AAA (Abdominal Aortic Aneurysm, AAA)
detected through early medical imaging techniques, clinical recommendations indicate
that patients with a maximum AAA diameter reaching 55 mm are at high risk of rupture
and require prompt surgical intervention!!!. When it comes to preoperative diagnosis of
AAA detected through medical imaging techniques, it is important to note that the
maximum diameter only describes the current state of AAA, disregarding the
developmental process. Researches conducted by both domestic and international
scholars has revealed that some AAA may rapid growth and rupture even when they
have not reached the diameter threshold. Conversely, AAA with a maximum diameter
exceeding 55mm can remain stable over a long period of time!*3. Therefore, the
challenge currently faced in the field of preoperative diagnosis of AAA is how to
quantitatively assess the long-term development process of AAA in multi-dimension.

Traditional bio-mechanical computational methods, such as finite element
simulations that consider factors like stress and strain of vessel wall, computational
fluid dynamics simulations that analyze parameters like intra-vascular flow patterns and
pressure, fluid-structure interaction simulations that simultaneously account for the
interaction between blood and vessel wall, have been widely applied in the preoperative
diagnosis of AAA*® However, most of these studies primarily qualitatively assessed
the growth or rupture tendencies of AAA based on transient imaging data. They
overlook the morphological development and material evolution processes of patient-
specific AAA over a long-term scale. As a result, their clinical applicability has been
limited in terms of providing valuable references.

Theoretical models of the G&R (Growth and Remodeling, G&R) can

quantitatively analyze the changes in the morphology and composition of soft tissues,
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thus enhancing our understanding of the long-term development of vascular diseases.
The mechanical model based on the CMT (Constrained Mixture Theory, CMT)
considers physiological processes such as degradation, deposition, and remodeling of
different components of the vessel walll’”l. Watton et al. simplified AAA as an ideal
cylindrical model but did not investigate the growth process of patient-specific
AAAs®! Some researchers have also used one-way FSI simulations to capture the
dynamic evolution of the vessel wall, considering the stimulating effect of wall shear
stress on the degradation of elastin in AAA growth process and further investigated the
dynamic changes in growth parameters. However, the mechanical model became overly
complex and difficult to operate!!®!!l. To address the issue of timeliness, Do et al., using
longitudinal CTA (Computational Tomography Angiography, CTA) scans and the
DGPIS (Dynamical Gaussian Process Implicit Surface, DGPIS) to predict AAA growth

1121 Jiang et al., combined AAA G&R model and deep learning

in a patient-specific way
method which can provide deterministic patient-specific predictions of AAA
expansion!'®!. Nevertheless, when simulating over a long period of time, there are
significant discrepancies between the simulation results and the corresponding results
from the follow-up image data.

Although the aforementioned studies were capable of simulating aneurysm growth,
they commonly suffered from deficiencies such as lack patient specificity due to
excessive model simplification!'*!3], without validation through in vitro experiments or
multiple follow-up image data!'®!, insufficient computational efficiency, and difficulty
in practical application to clinical problems!!”!,

In this study, the HCMT (Homogenized Constrained Mixing Theory, HCMT) was
used to simulate the growth process of early-stage AAA, and different sets of growth
parameters were adjusted. The simulation results could subsequently be matched with
the geometric model reconstructed from follow-up CTA data at the corresponding time,
to obtain the optimal growth parameters. After the initial establishment of the growth

model, the accuracy of the growth model was validated by two additional AAA cases

of different growth rates with 5 follow-up CTA data.
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2 Method

2.1 Data acquisition

This study established the growth model using AAA CTA data with two follow-up
time points. Additionally, two cases with five follow-up image data were used to
validate the accuracy of the method during longer period of time, as shown in Table 1.
The CTA image data collected in this study was approved by the Ethics Committee of
Zhongshan Hospital, Fudan University and informed consent forms were waived due

to the retrospective study.

Table 1: Summary of subject demographics.

Time interval(m

Gender  Age Scan times Maximum diameter(mm)
onths)
Case 1 Male 76 2 39 15.33, 24.95
14.52, 15.67, 17.74, 18.91,
Case 2 Female 69 5 6, 12, 7, 5
20.27
15.15, 17.13, 18.45, 19.19,
Case 3 Male 69 5 36, 24, 12, 12
20.41

2.2 Model reconstruction

To avoid the errors caused by manual segmentation, we utilize an Al-based
automatic segmentation algorithm based on U-NET to suppress information such as
bones and organs, retaining only the image information related to the aorta!'8!. Then,
the models were imported into Geomagic Studio for smoothing and trimming, resulting
in the geometric model of the region of interest. As the morphological development
process of AAA is of greater clinical concern, we specifically removed the distal iliac
arterial branches and the proximal aorta, retained only the aneurysm, and generated

NURBS surfaces, the process was shown in Figure 1.
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Fig. 1. Geometric model reconstruction process (a) Aorta geometric reconstruction. (b) Smooth

and segmentation of the AAA. (c) NURBS surface generation.

2.3 The establishment of patient-specific AAA growth and remodeling models.

2.3.1 Extraction of centerline.

To minimize measurement errors in obtaining the maximum diameter of AAA due
to differences in planes, measurement axes, angles, and operators, the researchers in
this study used the open-source software VMTK to extract the centerline of the
geometric model and the variation of the maximum inscribed sphere radius along the
centerline!!”, the specific method is as follows:

Step 1: Suppose there is a sphere located inside the blood vessel, tangent to the
aorta. The center of this sphere is defined as a point of the aorta centerline.

Step 2: The sphere moves within the aorta while remaining tangent to the vessel
wall. The radius of the sphere changes, and the line connecting the centers
corresponding to different spheres is defined as the centerline, as shown in Figure 2(a).

Step 3: The radius variations along the centerline of AAA are obtained, as shown

in Figure 2(b).
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Fig. 2. Extraction of the centerline. (b) The maximum diameter of the inscribed sphere along the

centerline.

2.3.2 Mesh generation

The NURBS surface corresponding to the AAA model is imported into Hypermesh

for structured mesh generation, as shown in Figure 3(a). Based on the measured

experimental data (Supplementary material: Module 1), the shell elements were

offset outward by 2.27mm to represent the thickness of the aorta. The generated solid

elements were shown in Figure 3(b). The solid elements were then divided into media

and adventitia layers (For the reason that the intima layer is very thin and plays a minor

role in the solid mechanical properties of the aorta>”], as shown in Figure 3(c).

(a)

(b)

(c)

media

adventitia

Fig. 3. The process of mesh generation. (a) Surface mesh generation. (b) Offset of the structured

mesh to obtain solid mesh. (c) Elements Divided into media and adventitia layers.

2.3.3 Definition of local coordinate system

The arrangement direction of collagen fibers and smooth muscle fibers in HCMT

is defined based on the angle with respect to the circumferential direction of the blood
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vessel wall as mentioned in the supplementary material. Therefore, in order to capture
the fiber orientation at different locations of the vessel wall, it is necessary to define a
local coordinate system for each element, the specific method is as follows:

Step 1: Import the centerline into the model as a reference line for generating the
local coordinate system, as shown in Figure 4(a)?!-?2],

Step 2: Consider the outward normal direction perpendicular to the outer surface of
the blood vessel wall as the radial direction, the direction parallel to the centerline as
the axial direction, and the circumferential direction as the cross product of the axial
and radial directions, as shown in Figure 4(b).

Step 3: The local magnification effect of the local coordinate system is shown in

Figure 4(c).

Fig. 4. Creation of local coordinate system. (a) Importing the centerline into the finite element model.

(b) Creating local coordinate systems on each element. (¢) Local magnification diagram.

2.3.4 Mass density distribution and material parameters at the initial moment.

Each unit volume of the middle layer and adventitia layer of the aorta was
considered a mixture composed of elastin, four clusters of collagen fibers, and one
cluster of smooth muscle fibers. The mass densities of these six components in each
layer are different according to reference, as shown in Table 2!?*!. The partial material

parameters of different components are shown in Table 3.
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Table 2: Mass density distribution of different tissue components.

Collagen(kg/m®)
Elastin(kg/m?) SMC(kg/m?)
circumferential diagonal
Media 169 58.4 735
Adventitia 565 194 0
Sum 734 2524 735

Table 3: Material parameter Settings at the initial moment of G&R process

Symbols value
a%,j = 1,2,3,4 2z
2'4"4
ne 82(J/kg)
K 8200(J/kg)
Kk 15(J/kg)
k) 1.0
m 10(J/kg)
m 0.1
AS 1.3
A9 1.1
ASme 1.1
e 0.8
Te 101(years)
T¢i 101(days)
™ 101(days)
Oactmax 54 KPa

2.3.5 Boundary conditions and load conditions.

The axial and circumferential directions were fixed at the aortic inlet and outlet to

ensure the grid nodes move only circumstantially

The intro-vascular load is set to g(PS + 2P;), where P; and Py are systolic

blood pressure and diastolic blood pressure, respectively. Based on the medical history
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information, the pressure of the three cases was set to 91 mmHg, 103 mmHg and 87

mmHg, respectively.

2.3.6 Strain energy function definition

The application of HCMT in ideal thick-wall tube has been introduced in detail
from Module 2 to Module 4 of the supplementary materials. The form of Cauchy
stress matrix and stiffness matrix can be seen in equation (s31) and equation (s32) of
the supplementary material: Module 5, the specific derivation process will not be
repeated.

It is worth noting that due to the irregular shape of aneurysms, it is not possible to
define that the degradation of elastin occurs at its fastest rate in the middle of an ideal
circular tube and gradually decreases as it approaches the ends of the tube!??!. Therefore,
we need to define an alternative function to describe the degradation process of elastin.

The development of AAA is accompanied by the spatially unevenly distributed
degradation of elastin, which may be related to high wall stress at the location of the
aneurysm formation'**.We assumed that when a point on the aorta is farther away from
the center line, the degradation rate of elastin is faster, and vice versa, the degradation

rate of elastin is slower. We define an exponential function to describe the evolution of

elastin over time and space, as shown in equation (1):
min |Xd|)2 t
e

p°(X,t) D —05
- 2 e, ope ) ¢ o 1)
am

DE¢(X,t) = —

where min |Xy4| represents the minimum distance from the center coordinates of one
specific element to the centerline of AAA, R,, representing the maximum diameter of
AAA.

Under the aforementioned conditions, the strain energy function evolving in time
and space can be constructed using UMAT to describe the dynamic variations of the
constitutive model in the G&R process, caused by degradation, remodeling, and

deposition of the mixture.

2.3.7 Stepwise screening of growth parameters.

In the supplementary materials: Module 6, the effects of variations in three

parameters, including the K& (gain factor of stress-mediated fibers deposition),

tgam(the time diffusion factor of elastin damage), and A7, ., (the maximum active
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stretch of SMCs), on the G&R process were analyzed. KL mainly affects the
morphological development and collagen fibers evolution process of AAA, while the
changes of tgq,m and AJ%S,qx have little influence on the morphology of aneurysms,
but can affect variables such as thickness, collagen fiber deposition and active smooth
muscle stretching.

Inspired by the approach of obtaining the optimal material parameters through a
step-by-step screening process in our previous article!®!, in this study, a set of 14 values
for parameter K, as well as three sets of values for parameters tq,,, and ASTC .
were selected as the candidate growth parameter sets. This selection aimed to ensure
that the local optimal solutions for the growth parameters lie within the range of the

parameter combinations being screened, as shown in Table 4.

Table 4: Candidate growth parameter sets for AAA in the G&R process

Growth parameters KL tdam A ltnax
[0.03,0.16]/Tc, 20 days, 40 days,
values 14, 1.5, 1.6
Increment:0.01 80 days.

Considering that K& plays a significant role in the G&R process of AAA(as
shown in Module 6 of supplementary material), the study first aims to determine the
corresponding value of K for each individual case. The specific process involves as
follows:

Step 1: Substituted the value of KL into the growth model and arbitrarily selected

a set of values for tg,, and )\:Z:naxto simulate the G&R process of AAA. Paused the

finite element simulation when the simulated time aligns with the interval between two
follow-up data points.

Step 2: Extracted the geometric information of the inner surface of the AAA vessel
wall after simulation and compared it with the model reconstructed based on follow-up

data, and record the distance.

Step 3: Selected different values of KL and repeat the first two steps. Obtained

the optimal solution when the distance between the simulation results and the model

reconstructed based on follow-up data is minimized.
smc
Step 4: Used the remaining 8 sets of tgy,, and )\actmaxto adjust the G&R process

of AAA using the growth model. Similarly, used the distance between the simulated

model and model reconstructed based on follow-up data as a reference. When the
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distance is minimized, considered the combination of the three growth parameters as

the corresponding optimal solution in Table 4.

2.4 Accuracy validation of AAA growth and remodeling model

After the preliminary establishment of the growth model, it is necessary to validate
its accuracy by applying it to the patient-specific G&R process of AAA. The specific
operational process is as follows:

Step 1: Build the growth model using the follow-up data from the first two time
points and obtain an optimal set of growth parameters using the method described in
section 2.3.

Step 2: Keep the growth parameters consistent and continue the simulation of the
G&R process for AAA at the subsequent follow-up time point. Compare the simulation
results at different follow-up time points with the follow-up results.

Step 3: Validate the accuracy of the growth model using different morphological
parameters. Parameter 1: Radius variation along the centerline. Parameter 2: Maximum

radius of AAA at different follow-up time points.

3 Results

3.1 Comparison of Simulation Results and Follow-up Data

The inversion of growth parameters for the AAA model involving two time points

in the method yielded a set of optimal solutions for K%, tq.y, and AS™E . which

0.06
101days

were determined to be , 40days and 1.5, respectively. The distribution of

distances between the inner surface of the vessel wall obtained from the simulation
results and the model reconstructed based on follow-up data from the second time point
is shown in Figure 5(a), while the matching results of the model are shown in

Figure .5(b).
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Fig. 5. (a) The distribution of distances between the simulated results and the reconstructed

model based on follow-up data. (b) The matching results of the two models.

When the distance between the simulated results and the follow-up data nodes is
less than 0.5 mm (the typical resolution of CT scans), it is considered to have a high
degree of matching. Calculations reveal that the proportion of distances less than
0.5mm is 82.05%. The distance significantly increases in the proximal neck and the
region near the posterior aspect in the distal of the AAA. The maximum radius variation
along the centerline corresponding to the simulated results and the model reconstructed
from the second follow-up data is depicted in Figure 5 (b). By comparing it with Figure
2 (b), it can be observed that the upper end of AAA, which did not undergo expansion
in the simulation process, shows little change in radius, only increasing by 1.3 mm.
However, the maximum radius increases from 15.1 mm to 25.20 mm, indicating
significant differences in the growth rate of the aneurysm at different positions of the
AAA vessel wall.

The model reconstructed from follow-up data exhibits significant shrinkage
(highlighted in yellow) at the proximal neck, while no similar phenomenon was
observed during the simulation of the G&R process for AAA (shown as semi-

transparent). Additionally, in the distal of the AAA near the posterior aspect, there is
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noticeable expansion in the simulated results, whereas the model reconstructed based
on imaging data does not show expansion.

Furthermore, in Figure 5 (b), it can be observed that the simulated results and the
model reconstructed based on follow-up data have almost identical positions along the
centerline. Next, in order to compare the clinically relevant AAA diameter information,
the study utilized the method mentioned in section 2.3.1 to extract the radius of the

centerline, as shown in Figure 6.

25F =
'
—Follow-up
N - = =Simulation M
e} 20| 2 1
= p
i /Z
:£ r/
§
e~ 15t |
10 : : - : :
0 0.2 04 0.6 0.8 l

Normalized Centerline Length
Fig.6. The variation of the radius along the centerline of the models reconstructed based on
follow-up data and the simulated results.

It can be observed that along the normalized centerline length, the curves of the
maximum inscribed sphere radius for both models almost overlap, with an R? value of
0.9787, indicating a high degree of matching. The maximum diameter of the simulated
results is 25.07mm, with a difference of 0.52% compared to the maximum diameter

corresponding to the follow-up data.

3.2 Accuracy validation of AAA growth model.

Next, two additional AAA cases with 5 follow-up data were selected (see Table 1)
to validate the accuracy of the growth parameter inversion method based on the first
two time points of the follow-up data.

After completing the mesh generation and finite element solution setup, according
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to the method of inverting growth parameters, the optimal solutions for the growth
parameters of these two cases can be obtained based on the follow-up data of the first
two time points of the AAA patients, which are {0.08/101 days, 40 days, 1.5} and
{0.16/101 days, 20 days, 1.4}, respectively.

The diameters along the centerline of the geometric models created at different
time points based on the follow-up data were extracted and compared with the
diameters along the centerline of the geometric models simulated at corresponding time

points. The results are shown in Figure 7.

o
o

(a)

— 6 months Follow up

=== 6 months Simulation

— 18 months Follow up
=== 18 months Simulation
—— 25 months Follow up
=== 25 months Simulation
— 30 months Follow up
=== 30 months Simulation

o
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Radius over centerline (mm)

0 0.2 0.4 0.6 0.8 |
Normalized centerline length

v _\ — 36 months Follow up
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— 60 months Follow up
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- - - 84 months Simulation

o
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-
o0
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S

o
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0 02 04 06 08 1

Normalized centerline length

Fig.7. The variation of the radius along the centerline of the models reconstructed based on follow-
up data and the models obtained from simulation at different time points for (a) Case 2 and (b) Case

3.

It can be observed that, for Case 1, the real-world models and the simulated models
have consistent trends in terms of the radius variation along the centerline at the first
three follow-up time points. When the simulation time reaches 30 months, the

expansion of the abdominal aortic aneurysm (AAA) downstream is smaller, and its
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diameter remains smaller than that of the upstream aneurysm. In contrast, based on the
radius variation information reflected by the follow-up data, from the 25th month to the
30th month, the change in radius for the upstream aneurysm is relatively small,
increasing from 18.91mm to 20.27mm. On the other hand, the downstream aneurysm
radius increases from 17.73mm to 21.68mm. The growth trend of the abdominal aorta
undergoes a significant change in a short period of time, and the maximum radius of
the downstream AAA exceeds that of the upstream AAA.

For Case 2, at the four follow-up time points, the radius variation along the
centerline obtained showed consistent trends. There is no significant change in the
radius at the upstream of the aneurysm neck near the proximal abdominal aorta and the
downstream of the aneurysm neck near the distal abdominal aorta. The maximum
diameter increases by 6.56mm over a 4-year period from the second to the fourth scan
time point, indicating that the aneurysm remains relatively stable. It is worth noting that
the optimal solution for K& =0.16/101 days, indicating a relatively fast deposition rate
of collagen fibers. This compensates for the stress that cannot be supported due to the
degradation of elastin. The simulation results show that there is no significant change
in the maximum diameter of the AAA between the 6th and 7th year. However, the
maximum diameter reflected by the follow-up data in this year shows a relatively
significant change, possibly due to sudden physiological changes.

In clinical, the maximum diameter of the AAA remains the gold standard for
determining whether to perform surgical intervention on patients. For both cases, we
compared the maximum diameters at the 2nd to 5th follow-up time points (based on the
first aneurysm appearance from the proximal to the distal end), as summarized in Table

5.
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Table 5: The comparison of the maximum AAA diameter corresponding to the follow-up data and

the simulation results.

Maximum diameter comparison  Casel Case2
Maximum dla?rllfrts)r (follow up) 31.34 34.26
The second follow Maximum diameter (simulated)
up 31.54 34.80
(mm)
Relative error (%) 0.64 1.58
Maximum dlazrrfrtr?)r (follow up) 35.48 36.90
The third follow u Maximum diameter (simulated)
p 34.48 36.56
(mm)
Relative error (%) 2.82 0.92
Maximum dlazrrfrtr?)r (follow up) 37,80 18,38
The fourth follow Maximum diameter (simulated)
up 38.42 37.66
(mm)
Relative error (%) 1.59 1.88
Maximum dlagfrtj)r (follow up) 40.54 40.82
The fifth follow u Maximum diameter (simulated)
p 42.22 38.82
(mm)
Relative error (%) 4.14 4.90
Annual average relative error. (%) 2.07 1.23

For two cases with different growth rates of AAA, the error between the maximum
diameter obtained from simulation at four specific time points and the maximum
diameter obtained based on follow-up data does not exceed 5%. The annual average
error of the maximum diameter for case 1 over the next two years is 2.07%, and for
case 2 over the next 4 years is 1.23%. This can effectively meet the clinical demand for

quantitatively predicting the trend of maximum diameter changes of AAA.

4 Discussion

There is still no comprehensive theory that can quantitatively analyze the
morphological development and material evolution process of AAA on a large time
scale accurately. The change rate of the AAA maximum diameter based on follow-up

imaging data can only provide information in a single dimension and cannot predict the
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morphological development of AAA in multiple dimensions®®?”!, Commonly used bio-
mechanical computational models couple imaging data from a single time point with
numerical simulation methods to qualitatively assess the trend of AAA growth or
rupture!?®2%! overlooking the long-term development process of AAA. Recently, Some
have also attempted to use artificial intelligence methods to predict the growth of
aneurysms, but models are lack the implementation of fundamental bio-mechanical
laws!3931,

This study is based on the HCMT theory and simulates the growth process of
patient-specific AAA on a large time scale. Firstly, several sets of growth parameters
are created, and the optimal growth parameters of different AAA is determined using
follow-up data from the first two time points. Next, the accuracy of the growth
parameter inversion method is validated using AAA cases with multiple follow-up time
points. The aforementioned method can effectively predict the G&R process of patient-
specific AAA, providing a reference for quantitatively predicting the multidimensional
morphological development and material evolution of early AAA cases in clinical
practice.

In addition to predicting morphological changes, this study also analyzed the
substance and wall thickness variations of AAA with different growth rates, as shown
in Figure 8.

For case 1, which has a faster growth rate, the optimal solution for the K& value
is 0.08/(101 days). Rapid degradation of elastin near the maximum diameter, leading to
an increasing stress on the AAA vascular walll??!, Consequently, under the influence of
stress, collagen fibers continue to be rapid deposited to compensate for the loss of
elastin and maintain the vascular wall’s stability under physiological pressure. Over the
course of three years, the collagen fiber deposition in case 1 is 2.4 times that of the
initial stage. In contrast, for case 2 with a slower AAA growth rate, significant collagen
fiber deposition is not necessary to maintain the stability of the vascular wall. The
collagen fiber deposition is only 1.1 times that of the initial stage, indicating a

significant difference between these two cases.
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Fig.8. After 36 months of simulation, the standardized distribution of collagen fiber
density and vascular wall thickness was analyzed for case 2 and case 3.

Additionally, collagen fibers tend to deposit in areas where elastin degrade most
rapidly, resulting in an increase in vascular wall thickness, which can lead to arterial
wall stiffening®?!. In regions where there is no turnover of collagen fiber production,
the thickness of the vascular wall is reduced. In the two cases, the thickness near the
region with the highest relative density of collagen fibers is 1.2 times and 1.07 times
that of the initial thickness, respectively. Dar Weiss et al., found that aneurysm dilatation
correlating with compromised elastic fiber integrity and rupture correlating with
compromised collagen fibril organization!®**. Our research warrants further refinement
through the execution of in vitro experiments to elucidate the dynamic alterations in
collagen fiber density and vascular wall thickness throughout the progression of AAA,
which will allow us to further validate the accuracy of the growth model at the
microscopic histological level.

As AAA continues to grow, the differences in the maximum diameter and the
diameter changes along the centerline corresponding to the simulation results and the
follow-up data become increasingly apparent. In Figures 5, the simulated AAA expands

towards the back side, while the reconstructed AAA based on imaging data does not
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exhibit this phenomenon. This may be due to the fact that this study did not consider
the constraining effect of the spine on AAA growth, causing the aneurysm to expand
towards the back side. In actual physiological conditions, most AAAs are constrained
by the spine during the growth process!®¥, resulting in less expansion towards the back
side and more expansion towards the abdominal side. This deviation from real-life
conditions leads to discrepancies between simulation results and actual situations. In
the actual follow-up process, the overall asymmetry of AAA (the definition of
asymmetry can be seen in'®!. shows a gradually increasing trend, while the
corresponding asymmetry of the simulated results decreases gradually®!. These results
also indicate the importance of considering the constraining effect of the spine on
AAABT,

During the development of AAA, there are associated changes in the physiological
environment. For instance, the formation and progression of mural thrombus can
impact the hemodynamic environment and the material evolution of the vessel walll*33],
Quantifying the development process of thrombus, especially the release of proteinase
molecules associated with the structural stratification of the clot, which may affect
localized weakening of the aneurysm wall*’!. Additionally, the deposition of collagen
fibers under stress-mediated conditions, turnover rate of different tissues, the extent of
strain under steady state, as manifested in growth parameters, are also likely to change
during the process of AAA occurrence and progression''®*!!. Subsequent studies should
consider the dynamic changes in biochemical and mechanical factors during the G&R

process of AAA.

5 Conclusion

This study established one patient-specific growth model based on the HCMT to
simulate the long-term G&R process of early-stage AAA. The accuracy of the growth
model was validated using follow-up data at multiple time points. At different follow-

up time points, the trends of diameter changes along the AAA centerline obtained from
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simulation results and follow-up data were consistent, with differences in maximum

AAA diameter not exceeding 3%. This study provides a preliminary approach to

simulate the long-term growth process of early-stage AAA based on CTA and bio-

mechanical models. The growth model for simulating patient-specific AAA G&R

process holds promise to accurately and quantitatively predict the multidimensional

morphological development and material evolution processes of AAA, distinguish

AAA with different growth rates, and provide appropriate surgical plans for patients in

clinic.
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