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Abstract—Surgery for aortic dissections or aneurysms can be
extended into the aortic arch by hemiarch replacement
(HAR) or total arch replacement (TAR). Although cardio-
vascular surgeons have been performing HAR and TAR for
decades, the mechanical properties of HAR and TAR are not
well understood. This study investigates the mechanical
behaviors and stress distributions in HAR and TAR using a
hybrid fluid–structure interaction analysis that combines
computational fluid dynamics and structural static analysis.
Geometrical information on the aortas of 11 subjects was
extracted from contrast-enhanced computed tomography
(CT) scan data. The CT images were imported into medical
image processing software to reconstruct 3D models of the
aortas. A 3D finite element model was employed to simulate
aortas that receive HAR or TAR. The deformation of the
great vessels and the stress distributions at both the vessels
and the aortic grafts were calculated. The numerical results
revealed that the aortas following TAR exhibited a lower
level of stress than those following HAR. Higher stresses may
cause arterial wall injury and increase the risk of rupture.
Finite element analysis of the aortas and the aortic grafts
provides useful information that helps physicians better
understand the potential problems that may arise after
various surgical procedures.

Keywords—Aortic arch replacement, Aortic grafts, Finite

element analysis, Stress distribution.

INTRODUCTION

Surgery for aortic dissections or aneurysms can be
extended into the aortic arch by hemiarch replacement

(HAR)or total arch replacement (TAR),whichdiffers in
the extent of aortic arch resection. In cases of HAR, the
side of the arotic arch with lesser curvature is resected
well beyond the level of the takeoff of the innominate
artery, while the side with greater curvature remains
untouched. An aortic graft is then anastomosed to the
beveled edge of the aortic arch. TAR requires a more
extensive arch resection to the level beyond the left
subclavian artery. Revascularization of the supra-aortic
branches is required. Figure 1 schematically depicts the
aortic arch that has received HAR or TAR. Although
cardiovascular surgeons have performed HAR and
TAR for decades, theirmechanical properties are poorly
understood. A number of reports have shown that an
extensive TAR significantly reduces the incidence of a
patent false lumen; enhances aortic remodeling, and
may improve long-term outcomes for patients with
acute type A aortic dissection.8,10,20–22 We assume that
the favorable results of TAR relative to those of HAR
can be attributed to its beneficial mechanical effect on
the aorta. This study investigates the mechanical
behavior of the aorta after HAR or TAR using a com-
putational aortic model. The biomechanical behavior of
the aorta has been investigated in a cadaveric aorta1,11

and in a mock glass aortic model.13 However, these
studies have not become popular because the source of
the cadaveric aorta was restricted and the best applica-
tion of themock aorticmodel was limited to the relevant
fluid dynamics. Computational finite element analysis
(FEA) of the aorta is becoming an increasingly valuable
tool for the study of aortic physiology and patho-
physiology. In such an analysis, a structure of complex
geometry is divided into small elements where numerical
simulation is more readily executed. Solutions derived
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using these elements are subsequently reconstructed to
approximate the solution for the overall structure.17

Previous studies have focused on the pathogenesis of
aortic dissection and the rupture risk stratification of
abdominal and thoracic aortic aneurysms.2,12,14,17,23

This study investigated the stress distribution in the
aortic wall post-HAR and post-TAR, using a fluid–
structure interaction model that combines computa-
tional fluid dynamics and structural analysis.

MATERIALS AND METHODS

The institutional review board of the Chang Gung
Medical Foundation reviewed and approved the study
protocol. Informed written consent was obtained from
each patient before enrollment in this investigation.
The study was conducted in a manner consistent with
the Helsinki Declaration.

Mechanical Properties of Aortic Grafts

The tensile strengths of the Dacron vascular grafts
(Hemashield Platinum, Woven Double Velour,
Maquet Getinge Group, NJ, USA.) were determined.

The dumbbell-shaped tensile specimens with gauge
lengths of 20 mm and a cross-sectional area of 6 mm
wide by 0.4 mm thick were cut using a knife from the
grafts in both the axial and the circumferential direc-
tions. ASTM D638 tensile tests were performed in a
LLOYD tensiometer. A 500 N load cell was used and
the crosshead speed was 90 mm/min. Figure 2 presents
the vascular grafts and the test specimens.

FIGURE 1. Aortic arch with (a) hemiarch replacement,
(b) total arch replacement.

FIGURE 2. Photographs of (a) vascular grafts, and tensile
test specimens in (b) axial direction and (c) circumferential
direction of grafts.
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Patients

Eleven patients who had undergone a computa-
tional tomography (CT) scan for the thoracic aorta
were retrospectively identified from the esophageal and
lung cancer database in the authors’ hospital. Patients
with severe aortic atherosclerotic disease, thoracic
aortic aneurysms or dissections, or previous thoracic
aortic operations were excluded. The study cohort
(n = 11) consisted of eight men (73%) with an age of
58.4 ± 15.7 years (with a range of 38–86 years); their
average height and weight were 1.65 ± 0.069 m (with a
range of 1.50–1.74 m) and 68 ± 15 kg (with a range of
48–104 kg), respectively. All patients underwent a CT
scan as a part of their preoperative tumor staging
protocol, rather than for this study in particular.

Image Reconstruction

Information about the geometry of the aortas of the
subjects was extracted from contrast-enhanced CT
scan data. CT scans were performed using 64-slice
scanners (Siemens Medical Solutions, Pennsylvania,
USA) with the intravenous injection of 80–120 mL of
nonionic iodinated contrast dye (Omnipaque 350, GE
Amersham, Milwaukee, USA). The CT images were
imported into, and analyzed using Mimics 13.0
(Materialise, Leuven, Belgium) medical image pro-
cessing software: a semi-automatic segmentation
algorithm was utilized to detect the aortic wall and to
construct 3D models of the aortas. This algorithm used
user-defined seed points and lower and upper grey-
level thresholds. Figure 3 presents the results that were
obtained using the segmentation algorithm.

To ensure that each slice had an accurately con-
trolled and smooth surface, it was visually inspected. A

Gaussian filter with a 3 9 3 kernel was used to smooth
the lumen borders. For each patient, three-dimensional
aortic wall surfaces were constructed from the two-
dimensional contour stack and tessellated to eliminate
skewed elements, which could otherwise have resulted
in artificial stress concentrations. Figure 4 displays one
of the solid models of a reconstructed aortic arch.

Finite Element Analysis

A fluid dynamics analysis was firstly performed to
determine the pressure distribution imposed on the
vessels by the blood. A finite element model of the
ascending aorta, aortic arch, and supra-aortic vessels
was built for stress analysis using commercial software
ANSYS 13.0 (Ansys Inc., USA). As in other aortic
flow studies, the blood was assumed to be homoge-
neous, incompressible and Newtonian, with a density
of 1060 kg/m3 and a viscosity of 0.00371 Pa s.4,5,15,19

A no-slip condition was applied at the aortic wall.
Blood flow is generally assumed to be laminar in large
vessels because the mean flow velocity is low enough to
result in a relatively low Reynolds number. For pul-
satile unsteady flow, turbulence occurs at a Reynolds
number that greatly exceeds that expected for steady
flow because accelerating flow is more stable than
decelerating flow.7 In this study, only the steady state
solution at the maximum flow was considered and
calculated.16 The flow pressure and velocity at the
aorta inlet were assumed to be uniformly 120 mmHg
(systolic blood pressure) and 0.123 m/s,18 respectively,
while the pressure that was used on the innominate
artery, the left common carotid artery, the left sub-
clavian artery and the distal aorta was 80 mmHg
(diastolic blood pressure).

FIGURE 3. Segmentation of aorta, (a) geometry of aortas (green areas) of subjects was extracted from contrast-enhanced CT scan
data, (b) CT images were imported into, and analyzed using Mimics 13.0 (Materialise, Leuven, Belgium) medical image processing
software: a semi-automatic segmentation algorithm was applied to detect aortic wall (green lines) and to construct 3D models of
aortas.
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The fluid pressure distribution that was calculated
by the fluid dynamics analysis was then used as the
boundary conditions for the subsequent elastic struc-
ture analysis. Again the numerical simulation was
conducted using the commercial finite element pack-
age, Ansys 13.0 (Ansys Inc., USA). The aortic arch
and descending thoracic aortic wall were assumed to
have a uniform thickness of 2.2 mm,3,6,9 whereas the
ascending aortic wall was assumed to have a uniform
thickness of 1.7 mm, based on transthoracic echocar-
diography data.14 The aortic wall was assumed to be
homogenous, incompressible, isotropic, and linearly
elastic, with a Young’s modulus of 3.0 MPa and a
Poisson ratio of 0.46.4,5,15,19 The values of the vascular
graft parameters were determined from the
experimental data in the tensile tests.

A semi-automatic adaptive meshing approach was
utilized in Hyper Mesh 10.0 (Altair Hyper Works,
Troy, MI, USA) to determine the number of elements
to optimize the computational efficiency and element
quality. Once the adequate boundary conditions were
applied to each model, a mesh was generated on each

aortic arch with a high spatial resolution (<0.4 mm in
all axes). Mesh independence was confirmed by in-
creasing the number of elements in the mesh until the

FIGURE 4. Constructed solid model of aortic artery.

FIGURE 5. Finite element mesh used in aortic model, (a) no
graft, (b) following HAR, (c) following TAR.
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peak stress obtained using the present mesh differed by
less than 2% from that obtained using the previous
mesh. The optimum mesh density thus obtained was
approximately 1.0–1.5 million cells.

Tetrahedral elements were adopted to model the
aortas and the vascular graft. Figure 5 presents the
meshes typical of those used in the analysis. Three
analyses were performed for each aortic arch—one for
the arch with no graft (control); one for the arch after
it has received HAR and one for the arch after it had
received TAR. The von Mises stresses were thus
compared.

Statistical Analysis

Descriptive statistics for categorical variables are
presented as frequencies and percentages whereas
continuous variables are expressed as mean (standard
deviation) or median (range) as appropriate. Catego-
rical variables for hemiarches and total arches were
compared by performing the v2 test or Fisher exact test
and continuous variables were compared using the 2-
sample t test or Wilcoxon rank sum test as appropri-
ate. All statistical tests were 2-sided with the alpha level
set to 0.05 to identify statistical significance.

RESULTS

Mechanical Properties of Polyester Woven Graft

Figure 6 plots the measured stress–strain curves of
the prepared samples that were obtained by cutting
along the woven grafts in the axial and circumferential
directions. The elastic moduli along the axial direction
(Ex) and circumferential direction (Ey) were 6.3 and
72.7 MPa, respectively, while the Poisson’s ratios were
found to be 0.36 and 0.4, respectively. Owing to the

small thickness, the elastic modulus (Ez) and the
Poisson’s ratio (vzx) in the thickness direction were
assumed to be equal to those in the axial direction Ex

and vxy respectively. The shear moduli (G) were cal-
culated using the following equations:

Gxy ¼
ExEy

Ex þ Ey þ 2mxyEx
ð1Þ

Gyz ¼
EyEz

Ey þ Ez þ 2myzEy
ð2Þ

Gxz ¼
ExEz

Ex þ Ez þ 2mxzEx
ð3Þ

Table 1 lists the parameters of the vascular grafts
that were used for the FEA.

Fluid Dynamic/Wall Stress Analysis

The flow patterns and the distribution of pressure
imposed on the vessels by the blood in the 11 subjects
were simulated using the finite element method.
Figure 7 plots the calculated pressure distribution in
the aortic arch in one of subjects, while Table 2 lists
the maximum flow velocity, pressure and wall shear
stress for the 11 subjects. The pressure distributions
were used as the boundary conditions for the subse-
quent elastic stress analysis.

Table 3 presents the maximal aortic stress distribu-
tion in the control, HAR and TAR groups. Figure 8
shows the computed stress distribution along the
midline in the coronal plane of three representative
patients in the control group. The peak wall stress of
the normal thoracic aorta (control group) was
0.91 ± 0.77 MPa (with a range of 0.39–3.05 MPa).
The locations of maximal wall stress were at the
sinotubular junction and in the area just distal to the
orifices of supra-aortic vessels. Figures 9 and 10 dis-
play the computed stress distributions along the
anastomosis lines of the HAR and the anastomosis line
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FIGURE 6. Stress-strain curves of the vascular grafts.

TABLE 1. Parameters of vascular grafts used for FEM
analysis.

Parameters Value

Ex 6.3 MPa

Ey 72.7 MPa

Ez 6.3 MPa

Vxy 0.36

Vyz 0.4

Vzx 0.36

Gxy 3.5 MPa

Gyz 2.25 MPa

Gxz 5.5 MPa
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of the TAR in the distal residual aorta in patients who
had received HAR and TAR, respectively. For those
subjects that had received HAR, the average peak wall
stress was 0.55 ± 0.12 MPa (with a range of 0.36–0.71

MPa) at the proximal residual aorta, 0.88 ± 0.22 MPa
(with a range of 0.52–1.20 MPa) at the proximal
anastomosis, 0.75 ± 0.15 MPa (with a range of
0.56–1.05 MPa) at the distal anastomosis, and
0.90 ± 0.54 MPa (with a range of 0.46 to 2.24 MPa) at
the distal residual aorta. The maximal wall stress at the
distal anastomosis was observed in the left half of the
anastomosis in five patients (45%) and in both the left
and right halves in six patients. The location of max-
imal wall stress in the distal residual aorta was in the
area just distal to the orifices of the supra-aortic vessels
(Fig. 9).

The results in Table 3 suggest that the average peak
wall stress in the thoracic aorta after TAR was
0.56 ± 0.14 MPa (with a range of 0.38–0.84 MPa) at
the proximal residual aorta, 0.92 ± 0.25 MPa (with a
range of 0.65–1.40 MPa) at the proximal anastomosis,
0.59 ± 0.18 MPa (with a range of 0.34–0.89 MPa) at
the distal anastomosis, and 0.46 ± 0.25 MPa (with a
range of 0.27–0.99 MPa) at the distal residual aorta.
The maximal wall stress at the residual distal aorta was
located at the proximal descending aorta just distal to
the anastomosis (Fig. 10). When compared to the peak
wall stress of the thoracic aorta after HAR, the peak
wall stress of aorta following TAR was significantly
lower at the distal residual aorta (p = 0.02).

DISCUSSION

Computational finite element analysis has become a
powerful and valuable tool in research into the
biomechanical behavior of the aorta with various
aortic diseases.2,11,12,14,17,23 Aortic aneurysm rupture is
generally believed to occur when the aortic wall
stress exceeds the yield strength. Venkatasubramaniam
et al.23 demonstrated that the peak wall stress,

FIGURE 7. Representative calculated pressure distribution
in aortas.

TABLE 2. Computed velocity and pressure of blood flow, and wall shear stress caused thereby.

Patient no.

Velocity (m/s) Pressure (Pa) Wall shear stress (Pa)

Max (Ascending

aorta)

Min (Descending

aorta)

Max (Arch

branch)

Min (Ascending

aorta)

Max (Ascending

aorta)

Min (Arch

bottom)

01 0.274 0.0126 10730 10650 0.799 0

02 0.3653 0.006304 10770 10650 1.259 0

03 0.3485 0.00117 10760 10640 0.908107 0

04 0.2632 0.004278 10720 10660 0.489 0

05 0.292 0.005413 10720 10640 0.611512 0

06 0.3313 0.0001716 10730 10630 0.7661 0

07 0.3267 0.009735 10720 10640 0.7697 0

08 0.2248 0.0005444 10700 10650 0.4005 0

09 0.2388 0.004257 10690 10650 0.308 0

10 0.3299 0.002628 10730 10650 0.756 0

11 0.2641 0.003844 10700 10650 0.4495 0

Mean 0.29624 0.00463 10724.55 10646.36 0.68331 0

SD 0.04672 0.00383 24.23371 8.0904 0.27081 0
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calculated from CT images and by finite element ana-
lysis, was significantly higher in a ruptured abdominal
aortic aneurysm (AAA) than in a non-ruptured
aneurysm. In patients with an identifiable site of rup-
ture on the CT scan, the area of peak wall stress was
correlated with the rupture site. Nathan et al.14 found
increased wall stress in the thoracic aorta above the
sinotubular junction and distal to the left subclavian
artery, where tears in the primary intima typically
result in type A and type B aortic dissections. Shang
et al.17 found that the computational peak wall stress
in thoracic aortic aneurysms was more strongly cor-
related with the aneurysm expansion rate than with the

maximal aortic diameter. Aneurysms that required
surgical intervention exhibited significantly higher
peak wall stresses than those did not.

FIGURE 8. Stress distribution in control group (unit: MPa).

FIGURE 9. Stress distribution in distal residual aorta in
patients who had received hemiarch replacement (unit: MPa).
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This study represents one of the first biomechanical
investigations to compare two surgical approaches for
replacing the aortic arch. FEA was used therein to

demonstrate that HAR was associated with a higher
peak wall stress at the residual distal aorta than was
TAR. HAR was also associated with a higher peak
stress at the distal anastomosis although statistical
significance was not reached (p = 0.08). The location
of the peak wall stress at the distal residual aorta was
just distal to the orifices of the supra-aortic vessels
after HAR and at the proximal descending aorta just
distal to the anastomosis after TAR. Regions of higher
stress are more prone to disease. The locations of peak
wall stress in the residual distal aorta are consistent
with the locations where aortic aneurysms tend to de-
velop after operations for type A aortic dissections.

An extended arch replacement for acute type A
aortic dissection reduces the incidence of a patent false
lumen and the need for reoperation below those
achieved using a more limited ascending aortic or
hemiarch replacement.8,10,20–22 We speculate that in
these two procedures, HAR and TAR, the aortic arch
is replaced to different extents using a woven polyester
graft, and their different mechanical properties may
contribute to the different results. In this study, the
peak wall stress at the distal residual aorta was sig-
nificantly higher after HAR than after TAR. We also
noted a trend toward higher peak wall stress at the
distal anastomosis after HAR, although not a statis-
tically significant one (p = 0.08). The increased stress
at the distal anastomosis may introduce new breaks in
the fragile intima tissue, resulting in a persistent patent

FIGURE 10. Stress distribution in distal residual aorta in
patients who had received total arch replacement (unit: MPa).

FIGURE 11. Intima break in distal aortic anastomosis (arrow)
in a patient who underwent hemiarch replacement for type A
aortic dissection.
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false lumen (Fig. 11). The increase in stress at the distal
residual aorta may contribute to the development of
subsequent thoracic aortic aneurysm and thereby
increase the risk of re-operation.

This study presents a good example of the use of
FEM to analyze stress in HAR and TAR. The results
of the analysis provide insights into the behavior of the
aortic replacement and related mechanical stress that
are associated with potential aneurysm rupture. These
findings suggest that HAR leads to a higher peak stress
at the distal aortic anastomosis than does TAR
(although not to a statistically significant extent) and at
the distal residual aorta, potentially causing rupture at
the anastomosis sites and increasing the risk of sub-
sequent aneurysm formation. The simulation in this
study may provide an improved understanding of the
influence of various surgical procedures for graft
replacement on the formation of induced stresses in the
aorta. Numerical simulation of the arch replacement
can be used to guide corrective measures if the problem
arises, and also prevent a potential problem from
occurring in the first place.

LIMITATIONS

Although this study provides a theoretical basis for
calculating mechanical stress in an aortic arch follow-
ing different surgical methods for aortic arch replace-
ment, it has some limitations. First, the thickness of the
walls of arteries was assumed to be constant within and
among patients. Future studies should consider
patient-specific arterial wall thickness with regional
variations thereof. Second, the physical characteristics
of the arterial-wall, which were parameters that were
input to the FEA model, were obtained from published
data, and these characteristics may differ for diseased
arteries. Specifically, diseased arteries that undergo
greater dilation exhibit much greater surface-contact
stresses. Third, the use of isotropic, linear, elastic
tetrahedral elements in the FEA represents a simplifi-
cation. A more realistic non-linear model should be
used to capture the properties of the vessels more
accurately. Fourth, the mechanical properties of the
aortic graft were tested under dry conditions, and the
properties of an aortic graft in contact with blood may
be different. All of these issues will be addressed in the
authors’ future research.

CONCLUSIONS

In this study, FEA was used to examine the defor-
mation and stress distribution in HAR and TAR using
a hybrid fluid–structure interaction analysis that

combines computational fluid dynamics with struc-
tural static analysis. Geometric information concern-
ing the aortas of 11 subjects was obtained from
contrast-enhanced CT scan data. CT images were
imported into medical image processing software to
construct 3D models of the aortas. The stress distri-
bution of the aortas and the grafts that had received
HAR or TAR were analyzed. Numerical results
demonstrated that the aortas following TAR exhibited
lower stress than those following HAR. Higher stresses
are more likely to cause arterial wall injury and are
associated with an increased risk of rupture. The finite
element analysis of the aortas and the aortic grafts
herein provides useful information for physicians to
help them better understand the problems that may
arise after various surgical procedures.
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