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Abstract

Purpose To discuss the risk factors for abdominal aortic
aneurysm rupture based on geometric and hemodynamic
parameters.

Methods We retrospectively reviewed the clinical data of
those who were diagnosed with an abdominal aortic
aneurysm by computed tomography angiography at our
hospital between October 2019 and December 2020.
Thirty-five patients were included in the ruptured group (13
patients) and the unruptured group (22 patients). We ana-
lyzed the differences and correlations of anatomical factors
and hemodynamic parameters between the two groups
using computational fluid dynamics based on computed
tomography angiography.

Results There were significant differences in the maximum
diameter [(79.847 £ 10.067) mm vs. (52.320 £ 14.682)
mm, P < 0.001], curvature [(0.139 £ 0.050) vs. 0.080
(0.123 — 0.068), P = 0.021], and wall shear stress at the
site of maximal blood flow impact [0.549(0.839 — 0.492)
Pa vs. (1.378 £ 0.255) Pa, P < 0.001] between the rup-
tured and unruptured groups, respectively. And in the

<l Zhe Wang
285962821 @qqg.com

Biyun Teng
tengbiyun2021@qq.com

Zhijun Zhou
962826695 @qq.com

Yu Zhao
zhao_yu_cqmu_1965@163.com

Department of Vascular Surgery, The First Affiliated
Hospital of Chongqing Medical University, No. 1, Youyi
Road, Yuanjiagang, Yuzhong District, Chongqing 400016,
China

@ Springer

ruptured group, wall shear stress at the rupture site was
significantly different from that at the site of maximal
blood flow impact [0.025 (0.049 — 0.018) Pa vs. 0.549
(0.839 — 0.492) Pa, P =0.001]. Then, the maximum
diameter and curvature were associated with rupture
(maximum diameter: OR: 1.095, P = 0.003; curvature:
OR: 1.142E + 10, P = 0.012). Most importantly, curvature
is negatively correlated with wall shear stress
(r=—0.366, P = 0.033).

Conclusions Both curvature and wall shear stress can
evaluate the rupture risk of aneurysm. Also, curvature can
be used as the geometric substitution of wall shear stress.

Keywords Abdominal aortic aneurysm - Curvature -
Computational fluid dynamics - Wall shear stress

Abbreviations

AAA Abdominal aortic aneurysm

CFD Computational fluid dynamics

CTA Computed tomography angiography
WSS  Wall shear stress

PWS  Peak wall stress

Introduction

An abdominal aortic aneurysm (AAA) is a permanent,
localized aneurysmal dilation with a mortality rate of
65-85% after rupture [1, 2]. Although the standard of AAA
surgical intervention is based on the maximum diameter,
the prediction of AAA rupture by aneurysm diameter alone
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has some limitations. It cannot solve AAAs that rupture
below a threshold or reach a larger diameter without rup-
ture, nor can it explain the phenomenon that female AAAs
are more likely to rupture at smaller sizes.

To explain the above problems, different tools were
developed to assess the risk factors of AAA rupture.
Computer models are able to individualize aorta of a
patient with aneurysm, simulating tissue stress and hemo-
dynamics in the aneurysm. Among them, computational
fluid dynamics (CFD) plays an important role to prediction
of AAA rupture, and the parameters peak wall stress
(PWS) and wall shear stress (WSS) are the indicators in
usual. The researchers found PWS to be a significant
independent predictor in predicting AAA rupture [3]. WSS,
the tangential force exerted on the wall of blood flow, is an
important hemodynamic factor regulating the artery. Low
WSS may be more accurate than maximum diameter in
predicting ruptured AAA [4]. Numerous studies have
shown that in AAA, rupture sites occur in areas of low
WSS and in most cases are close to areas of flow stagnation
with higher intraluminal thrombus deposition [5-8]. In
addition, WSS is also used to assess hemodynamics in the
patients with thoracic aortic aneurysm and aortic dissection
[9, 10].

Undoubtedly, the predictive effect of WSS on AAA
rupture is very established. However, CFD models,
because of their tools and complex operational procedures,
are difficult to construct a hemodynamic model for each
AAA patient to predict rupture, and their translation to the
clinic has a maximum limit. In addition, the geometric
index of AAA is the most fundamental, simple and effec-
tive prediction method, which affects the hemodynamics of
aneurysm [11]. The latest CFD model showed the effect of
AAA neck angle on the distribution of WSS [12]. By
constructing six idealized AAA models, the researchers
found that the hemodynamic predictor WSS was highly
dependent on the shape value (Dmax to height ratio) of
AAA [13]. In this study, we aim to evaluate whether AAA
geometric parameters (curvature, neck diameter) except the
maximum diameter are associated with WSS. The statis-
tically significant correlation index can be used as the
geometric substitution of WSS.

Methods
Patient Selection

We gathered patients with AAA treated at our hospital
between October 2019 and December 2020. AAA patients
diagnosed by computed tomography angiography (CTA) at
our hospital were included. The exclusion criteria were as
follows: suprarenal AAA, traumatic aneurysm, infectious

aneurysm, multiple aneurysms, tuberculous aneurysm, and
lack of CTA imaging data at our hospital. Patients were
divided into ruptured and unruptured groups, as mean as
rupture and stable groups.

Data Collection

Demographic information of AAA patients was collected
in our hospital medical record system. And CTA images of
AAA patients at admission were saved in our imaging
workstation, and we collected CTA images in digital
imaging and communications in medicine (DICOM) for-
mat. SOMATOM Definition Flash CT Scanners, and all
CTA were derived by contrast injection, with contrast
agent (Bayer Health Care Co., Ltd) 90 ml, injection speed
4 ml/s, slice thickness was 0.75 mm. Table 1 shows the
demographic information of the patients, including sex,
age, blood pressure on admission, and previous medical
history.

Three-Dimensional Model Construction

We imported CTA images into the reverse engineering
software Mimics Medical 20.0 (Materialise, Belgium) for
medical image processing. Mimics software is a tool for
three-dimensional image generation. Use the threshold
tool in Mimics to select the appropriate gray threshold
range, display AAA lumen and the related structure. We
selected images from 2 cm above the infrarenal aortic
aneurysm to the external iliac origin and excluded small
branches of the artery (inferior mesenteric artery and renal
artery) to decrease the complexity of the geometry. Mimics
software reconstructions were generated, and the maximum
diameter, neck diameter, and curvature were measured
(Fig. 1). The geometric indexes are dependent on the cal-
culation of the cavity center line, which is automatic
extraction. Among them, the maximum diameter and neck
diameter were calculated perpendicular to the center line;
curvature indicates the tortuosity of the AAA, which is the
ratio between the straight-line distance and actual distance
from the lower renal artery to the bifurcation of the iliac
artery. Finally, three-dimensional reconstructions were
exported in stereolithography (STL) format.

Grid Model Construction

Mimics provides a mesh tool named 3-Matic to optimize
the three-dimensional geometric model to eliminate small
details that do not affect or have less of an impact on the
results of the analysis, such as small branch vessels. In
3-Matic, we use denoising processing to improve the
accuracy of subsequent analysis and minimize the noise
points caused by instruments, blood vessels, environment
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Table 1 Df:mograph.ic' Ruptured group Unruptured group P value

characteristics and clinical N =13 N=22

characteristics of abdominal

aortic aneurysm patients Gender(male/female) 10/3 19/3 0.648
Age(years) 75(78 — 69.5) 71.09 £+ 10.38 0.448
Smoking (%) 66.67 68.18 1.000
Drinking (%) 33.33 54.55 0.297
Hypertension (%) 58.33 40.91 0.475
CAD? (%) 16.67 27.27 0.681
Diabetes (%) 8.33 9.09 1.000
SBP® (mmHg) 131.77 £ 39.758 136.95 £+ 18.290 0.664
DBP° (mmHg) 80.00(87.50 — 63.50) 80.82 £ 11.065 0.511

“CAD coronary heart disease
SBP systolic blood pressure
°DBP diastolic blood pressure

Fig. 1 Three-dimensional A
reconstruction of the abdominal
aortic aneurysm (A) of one
patient, with a maximum
diameter of 53.86 mm, neck
diameter of 16.23 mm,
aneurysm diameter at the level
of the lower renal artery of
16.55 mm, neck length of
28.70 mm, and curvature of
0.14 according to centerline
measurements (B)

and human factors during CT scanning. According to the
existing point cloud data on AAA model, a grid model is
formed based on triangular grid method. In the mesh
model, the incompleteness of the CT scan at the edges
leads to inevitable gaps and voids, and we use processing
such as pasting gaps and filling holes to make the structure
of the AAA 3D model more reasonable. The model is made
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smoother by smoothing mode. After this tool was applied,
a three-dimensional hexahedral grid method is also triangle
mesh, based on lattice theory was applied for automatic
division setting in ANSYS 15.0 (ANSYS, Inc., USA)
(Fig. 2).
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Finite Element Analysis

The Navier-Stokes equation and continuity equation of
fluid motion under transient conditions were solved by the
finite volume method using the ANSYS FLUENT CFD
15.0 solver (ANSYS, Inc., USA). Hemodynamic parame-
ters are time function. One cardiac cycle is set to 0.8 s in
human body, and it is set to calculate 5 cardiac cycles
totaling 4 s with each step size of 0.01 s, totaling 5 cardiac
cycles. Model conditions need to be set during the calcu-
lation. Blood was assumed to be a Newtonian and incom-
pressible fluid with a density (p) of 1.050 g/lcm® and a
dynamic viscosity (u) of 0.0035 Pa.s [8]. Vascular walls
were defined as a nonlinear, isotropic, hyperelastic material
with a density, elastic modulus and Poisson’s ratio of 2 g/
cm?, 2.7 MPa, and 0.45, respectively [14]. Then, the inlet
velocity was fixed at 0.8 m/s with 140 mmHg of boundary
pressure. At the outlet boundary, a zero diffusion flow
boundary condition was applied [15]. The wall shear stress
(WSS) value and another atlas were then generated by CFD
simulation and finite element analysis. The WSS is the
tangential force exerted by blood on the vessel wall, and
the maximum WSS in the aneurysm was defined as the
WSS at the maximum blood flow impact (Fig. 3).

Statistical Analysis

All statistical analyses were performed using SPSS 26.0
(IBM, the USA). Normally distributed continuous data are

0.000

0.050

presented as the mean + standard variables, and nonnor-
mal data are presented as the median and interquartile
range. Pearson and Spearman correlation analyses were
used to evaluate correlations. Comparisons between groups
were made using independent t-tests and Fisher’s exact
tests for normally distributed data and Mann—Whitney
U tests for nonnormally distributed data. Single factors
were analyzed using logistic regression. P < 0.05 was
considered to indicate a statistically significant difference.

Results
Demographic Characteristics

Thirty-five patients were included, with 13 assigned to the
ruptured group and 22 to the unruptured group, mostly
male, older than 65 years old. In the two groups, the ratio
of smokers was greater than 50%. The independent #-tests
showed that there was no significant difference or no sta-
tistical significance between the two groups in gender, age,
smoking, drinking hypertension, coronary heart disease
(CAD), diabetes and blood pressure, as shown in Table 1.

Geometric Parameters
In 35 cases of AAA, the average maximum diameter of

ruptured group was 79.847 4+ 10.067 mm, and that of
unruptured group (stable group) was 52.320 £+ 14.682 mm

L:

0.100 (m)
]

0.025

0.075

Fig. 2 The grid model of abdominal aortic aneurysm. Abdominal aortic aneurysm is divided into several elements by triangular mesh for finite

element analysis
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Wall Shear
Contour 1

8.452e+000 p
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4
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Fig. 3 Three-dimensional image of the wall shear stress in an aneurysm. Different colors indicate different levels of stress; red corresponds to

high stress, and blue corresponds to low stress

(Independent #-test: P < 0.001), indicating that the maxi-
mum diameter of ruptured group was significantly larger
than that of unruptured group, but it was not limited to the
diameter required for surgical intervention in the guide-
lines. Among them, the maximum diameter of the aneur-
ysm in the rupture group was as low as 42.1 mm, and there
was no sign of rupture in the large diameter aneurysm of
80.23 mm (Fig. 4A). Figure 4B shows the difference of
curvature between the two groups was statistically signif-
icant [0.139 £ 0.050 vs 0.089 (0.10 — 0.070), P < 0.05],
and the curvature in ruptured group was significantly
higher than stable group. However, although the neck
diameter is different between rupture and stable groups, it

>
=

is not statistically significant [(19.148 £ 13.101) mm vs.
(26.570 &+ 15.030) mm] (Fig. 4C).

We then performed a logistic regression analysis of
geometric parameters in 13 patients with ruptured AAA
and 22 patients without rupture to conclude that maximum
diameter (OR: 1.095, P =0.003) and curvature (OR:
1.142E + 10, P = 0.012) were associated with the occur-
rence of AAA rupture, both as independent risk factors for
AAA rupture. In contrast, neck diameter had no association
with rupture of AAA (OR: 0.963, P = 0.149), shown in
Table 2.

P<0.001 P=0.004 C P=0.149

£ 1207 - 0.25- 60

= [ ]
£ 100 eoe oo € .
5 . 0.20 £ R
5 ° = —e °
o 80 ® o ° o 40+ []
£ 5 0.15- 8?8 % esloe °
S 604 ® £ [ il
g E 0.10+ % 14 o|®
g 407 ¢ c - Se x 20 '3

(%] [ ) ®
® 20 ) 0.05 2 ®oe o8
© ® o0 g
= ° °

0 T T 0.00 T : 0 . .
stable rupture stable rupture stable rupture

Fig. 4 Variation analysis of geometric parameters in two groups. (A) The maximum diameter and (B) curvature were different in the two

groups, P < 0.05, but the neck diameter C was not statistically different
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Table 2 Logistic regression

analysis of geometric
parameters of abdominal aortic
aneurysm

OR P value 95%CI
Maximum diameter(mm) 1.095 0.003 1.032 — 1.161
Curvature 1.142E + 10 0.012 158.551 — 8.225E + 17
Neck diameter(mm) 0.963 0.149 0915 — 1.014

Wall Shear Stress (WSS)

In the ruptured group, the mean WSS at the rupture site
was 0.025 (0.049 — 0.018) Pa, which was nearly 20-fold
lower than that at the site of maximal blood flow impact, at
0.549 (0.839 — 0.492) Pa. This difference was statistically
significant (Wilcoxon signed-rank test, P = (0.001), as
shown in Fig. 5A. The mean WSS at the site of maximal
blood flow impact was 1.378 £ 0.255 Pa in the unruptured
group, which was significantly greater than that in the
ruptured group (Fig. 5B). These results demonstrate that
AAA rupture is more likely to occur in the low WSS
region, where blood flow is slow.

The Correlation Between WSS and Geometric
Parameters

In order to find geometric indicators that could replace the
hemodynamic parameter WSS, we used correlation anal-
ysis to find statistically significant indicators. In 35 patients
with AAA, we found there was no statistically significant
correlation between neck diameter and WSS at the site of
maximal blood flow impact (r = 0.203, P = 0.242), as
shown in Fig. 6A. However, the curvature in Fig. 6B was
negatively correlated with the WSS at the site of maximal
blood flow impact, and the correlation was statistically
significant (r = — 0.366, P = 0.033).

Fig. 5 Differences in WSS A B
between ruptured and =
stable groups. (A) In the rupture P<0.001 e P<0.001
group, there was a significant E 1.2 E 2.0
difference of WSS between the = o
: : S 1.0 E
site of maximal blood flow 3 N
impact and rupture, with WSS 5 0.8- o 1.5
at the rupture site was close to 0. 3 ’ b
(B) Compared with high WSS 5 0.6 8 1.0- oo
in the stable group, WSS at the a a <
site of maximal blood flow 2 047 g
impact was significantly lower = 0.2 = 0.54 ®oel3e®
in the rupture group & E
= 00 T 3 0.0 : :
maximal @
blood flow rupture = stable rupture
Fig. 6 Correlation analysis A B
between WSS at the site of = w
maximal blood flow impact and % %,' _
geometric parameters. (A) In 35 8 2.0- r=0.203 g 207 o 53:60633636
patients, we found that neck £ * . . P=0.242 E . ® . e
diameter was not correlated _E 15-e © o [ .. ° _c;; 1.5 o0 o° .
with WSS., while (B) curvat}lre 3 o o - o 3 . o0 . °
was negatively correlated with o _ b S 1.0 o o * °
s 1.0 o ® % ° i .
WSS Té, ° ° E o ]
% 05 % s ® 057 o L0 |
£ £
r: 0.0 T T 1 ,: 0.0 T T T T 1
g 0 20 40 60 g 0.00 0.05 0.10 0.15 0.20 0.25
Neck diameter(mm) Curvature
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Discussion

In recent years, predicting the risk of AAA rupture has
been a hot research topic, where model construction and
basic research are the main aspects of this research, but
have not replaced the treatment strategy of intervening in
aneurysms based on the maximum diameter. However,
clinicians mostly use CTA, MRI and ultrasound to evaluate
AAA in hospitals, and both CFD and 4D flow magnetic
resonance imaging (MRI) require mature technical
requirements and skilled operational procedures as the
basis, which greatly limits the transformation of model
construction to the clinic. In this study, we tried to find
convenient and effective geometric parameters to replace
the most commonly used indicator in model construction-
WSS.

Our study analyzed the geometric parameters and WSS
in 13 ruptured patients and 22 unruptured patients with
AAA. The results showed that the majority of AAA
patients were male, with more smoking history, and older
than 65 years. Among the AAA geometric parameters, the
maximum diameter and curvature in ruptured group were
significantly higher than those in unruptured group. And
there was no difference in neck diameter between the two
groups. Logistic regression analysis shows that the maxi-
mum diameter and curvature can predict the rupture of
AAA alone, which is an independent risk factor. The
maximum diameter, as a criterion for aortic aneurysm
repair, is unquestionable in its differential and independent
predictive ability. Among them, Fig. 3A shows that large-
diameter aneurysms can remain stable, while smaller-di-
ameter AAAs ruptured. In addition, a large number of
studies used curvature as an independent indicator in their
analyses [16—18]. Recent mouse AAA model studies have
shown that mean and Gaussian curvatures are the key
geometric parameters for determining rupture, respectively
[17].

In our study, consistent with the results of other studies,
the decrease in WSS was an essential parameter for AAA
rupture, and the WSS at the rupture site was close to 0.
Some studies have shown that aortic rupture occurred in
areas of low WSS and blood flow recirculation, not areas of
high WSS [8]. Exposure to low WSS has resulted in
proinflammatory and pro-oxidant expression patterns and
decreased aneurysm cell activity [19-21]; additionally, low
WSS has been shown to promote intravascular plaque
formation and prevent vascular endothelial cells from
accessing nutritional blood [22]. These results suggest that
the risk of AAA rupture increases with decreasing WSS.

In Fig. 5A, we find that the geometric parameter cur-
vature is negatively correlated with the hemodynamic
parameter WSS, and WSS decreases with increasing

@ Springer

curvature. The correlation between curvature and WSS
emphasizes the importance of geometric shape in evalu-
ating AAA rupture. Curvature can be used as a geometric
substitute for WSS except for the maximum diameter to
predict AAA rupture. In the correlation analysis of AAA
geometry and mechanical parameters, curvature and PWS
are common indexes. PWS, as a classical mechanical
index, is considered to be significantly higher in ruptured
AAA than in intact AAA, especially when approaching
rupture [23-25]. It has been hypothesized that enhanced
AAA distal surface curvature would lead to greater PWS
values; however, there are no results to support this [18].
Another finite element analysis studies the correlation
between PWS and AAA geometric parameters in the
presence of intracavity thrombosis, indicating that there is
no linear relationship between curvature and PWS [26].
However, mean centerline curvature is an important pre-
dictor of PWS, with which a high correlation was
demonstrated in a model analysis of 39 patients [27]. At
present, there are few studies on the correlation between
curvature and WSS. We found that as the curvature
increases, the WSS becomes lower and will be matched by
easier intraluminal thrombus formation, resulting in
reduced vessel wall strength and rupture of the AAA.

There are several importation limitations regarding the
present study. First, we made several assumptions about the
vascular wall, blood flow velocity, blood viscosity, and
other factors of the hemodynamic model. These factors
may obscure the effect of differences in the vessel wall
thickness among individuals and sites, the instability of the
blood flow volume and velocity, and the influence of blood
viscosity on other factors. Second, currently, research has
not been able to establish whether a reduction in WSS is a
cause or a consequence of aneurysm rupture. Third, the
sample size included is relatively small. Future studies
should involve a larger sample size and additional relevant
parameters.

Conclusions

In this study, we analyzed and compared geometric
parameters and WSS between the ruptured and unruptured
groups and found that maximum diameter, curvature, and
WSS were statistically different. The high value of diam-
eter, curvature, and low WSS distinguished patients who
were at high risk for rupture. Diameter and curvature can
independently predict AAA rupture. We find that curvature
is negatively correlated with WSS, which can be used as a
geometric substitution of WSS except the maximum
diameter.
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