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Abstract

The present study investigates effects of surrounding tissues and non-uniform wall thickness on
the biomechanics of the thoracic aorta. We construct two idealised computational models
exemplifying the importance of surrounding tissues and non-uniform wall thickness, namely the
uniform-thickness model and the histology image-based model. While the former neglects a
connective tissue layer surrounding the aorta, the latter takes it into account with non-uniform wall
thickness. Using plane strain finite element analysis, stress distributions in the aortic media
between the two models are compared. The histology image-based model substantially enhances
the uniformity of stress throughout the aortic media. Furthermore, the altered mechanical
properties of surrounding tissues change the stress distribution. These results suggest that
surrounding tissues and non-uniform wall thickness should be included in biomechanical analysis
to better understand regional adaptation of the aortic wall during normal physiological conditions
or pathological conditions such as aortic aneurysms and dissections.
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1 Introduction

The arterial wall adapts sensitively to changes of its mechanical environment. If the
mechanical environment is perturbed from the normal mechanical state, cells actively react
upon that by changing their activities in production, removal, and organisation of
extracellular matrix in order to maintain the preferred state (Humphrey, 2008). It appears
that this mechanical homeostasis governs cellular behaviours ranging from normal vascular
development (Wagenseil, 2011; Wells and Walter, 2010) to adaptations to sustained changes
in flow (Hoi et al., 2008), pressure (Hu et al., 2007; Gleason and Humphrey, 2004) and axial
extension (Cardamone et al., 2009; Humphrey et al., 2009); disease processes (Humphrey et
al., 2007; Zeinali-Davarani et al., 2011); and vascular responses to clinical treatments
(Kwon et al., 2011).

Based on vascular mechanics, various theoretical frameworks and computational
simulations have been developed to enhance our understanding of vascular physiopathology
and to improve clinical interventions (Humphrey and Rajagopal, 2002; Baek et al., 2007;
Watton and Hill, 2009; Sheidaei et al., 2011). However, most previous studies in vascular
mechanics have been performed under assumption of uniform thickness of a blood vessel
wall without consideration of its surrounding tissues. In the late 1950s, the influence of
longitudinal vascular tethering in the dynamic behaviour of vessel segments was studied
(Womersley, 1957). Patel and Fry (1966) showed a strong influence of tethering in pressure
gradient along the artery and its associated flow through animal experiments. Analytically, a
high degree of vascular tethering yields low displacements but high stresses within the
vessel wall (Hodis and Zamir, 2009). While these studies focused only on longitudinal
constraint imposed by surrounding tissues, Liu et al. (2007) quantified the radial constraint
of the surrounding tissue for carotid and femoral arteries. Consequently, removing the
surrounding tissue results in the significant increase of the circumferential wall strain and
stress, compared to the intact state. Liu et al. (2008) also demonstrated that transmural stress
of the coronary artery can be significantly influenced by myocardial support around the
vessel, but they used a uniform wall thickness of the vessel in their model.

The thoracic aorta is prone to develop vascular diseases such as aortic aneurysms and
dissections. Histologically, the anterior side of the thoracic aorta is surrounded by a thin
collagenous tissue layer, while the posterior side is surrounded by collagenous connective
tissue as well but mainly by loose adipose tissues. In the present study, we investigate the
influence of the surrounding tissues of the aortic wall and non-uniform thickness on
mechanical stress. This study uses geometrical measurements of four fresh pig aortas and a
histology sample to construct analysis models, and performs parametric study using the
material properties obtained from the inflation test data. The results of this study confirm
that the aorta model with surrounding tissue results in a comparatively uniform stress level
within the aortic media under the in vivo pressure range. In addition, this study shows that
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stress in the vascular wall can be altered directly by changes in stiffness of the surrounding
tissues.

2.1 Histology examination

Four fresh thoracic aortas from six-month-old pigs are used. Aortic rings are isolated from
the distal thoracic aorta, keeping the external surrounding tissue intact. They are fixed in
10% formalin solution for three days at room temperature. For dehydration, the tissue is
submerged in 70% alcohol for 24 hours, then is solidified in paraffin for the next 24 hours.
The solidified tissue is sectioned at 5 um thickness using a microtome. The sectioned tissue
is placed on a glass slide and stained with picrosirius red to detect collagen distribution in
the surrounding tissues of the aorta.

To obtain an entire microscopic view of histology of the aortic cross-section, small areal
images of the histology sample under a microscope are captured and multiple consecutive
images are combined by overlapping fields of views, which is known as image stitching,
using NIS-Elements BR 3.0 (Nikon Instruments Inc., Melville, NY). In a complete view of
the histology for the entire cross-section of the aorta (Figure 1), the aortic wall is shown
surrounded by connective tissues. The thicknesses of the aortic media and a connective
tissue layer are measured along the circumference.

2.2 Measurement and approximation of the fresh aortic media thickness

After removing the loose tethering tissue from the adventitial layer of the fresh aorta, the
thicknesses of the aortic wall are measured at eight uniformly spaced points along the
circumference. The largest part of the cross-sectional aortic wall is constituted by the media
layer, and the wall thickness is assumed to be the same as the media thickness. The
measurements are repeated three times and averaged at each point on the circumference.

The outer radius measured from four thoracic aortas using a 3D stereo-vision system in our
lab (Kim and Baek, 2011) is averaged and used for constructing the geometry of the models.
The inner radius is determined by subtracting the aortic wall thickness from the outer radius.
We assume that cross-sectional geometries of the inner and outer walls are perfect circles
with eccentricity due to the variation of the wall thickness around the circumference. The
mean measurement of wall thickness at each point and the geometry of the aortic wall are
shown in Figure 2.

The approximate thickness ratios of the connective tissue layer to the aortic media at
anterior and lateral sides are determined by geometrical analogousness of fresh aortic rings
and a histology sample. The ratios are used to design the histology image-based model as
shown in Figure 3. Finally, idealised two-dimensional finite element models with and
without a connective tissue layer are constructed.

2.3 Finite element model and analysis

To investigate the effect of surrounding tissue and non-uniform thickness of the aorta on
stress distribution within the aortic wall, two finite element models are constructed: a
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uniform thickness model without a connective tissue layer and a histology image-based
model. We assume that both models are bilaterally symmetric. In the uniform thickness
model, the thickness of the aortic media is determined by the averaged thickness
measurements all around the circumference. On the other hand, the histology image-based
model has non-uniform wall thickness with a connective tissue layer. Consequently, three
computational domains are considered in the histology image-based model for finite element
analysis as defined in Figure 1:

1. the aortic media

2. the perivascular connective tissue comprised mainly of adipose tissue in retrocrural
space (for convenience, we use ‘perivascular adipose tissue’ in this paper)

3. alayer of connective tissue surrounding the aorta and the perivascular adipose
tissue.

The uniform thickness model consists only of domains 1 and 2.

For two-dimensional analysis, the linear triangular elements (plane strain) are used to
generate finite element mesh. The interfaces between each of the two domains are assumed
to be coherent, i.e., moving together. The bottom surfaces of the perivascular adipose tissue
and connective tissue are assumed to be rigidly attached to the spine and in turn there is no
displacement.

The mechanical properties of the aortic media are prescribed with Young's modulus of 494
kPa and Poisson's ratio of 0.36, which are determined by linear stress-strain relationship in
the low-to-medium stress region from the inflation test data. Although it is well known that
the mechanical behaviour of blood vessels is non-linear, this study uses a nearly linear
mechanical behaviour of the aorta under the pressure of up to 75 mm Hg for the feasibility
study on the role of surrounding tissues of the aorta. The Young's moduli of all domains
used for the parametric study are listed in Table 1. All domains are assumed to have the
same Poisson's ratio and are considered to be linearly elastic and isotropic. Modelling, mesh
generation, and analysis are completed by using COMSOL Multiphysics 4.3 (COMSOL,
Inc., Burlington, MA).

Comparison of the first principal stress distributions between the uniform thickness and
histology image-based models is shown in Figure 5, when they are subjected to an internal
pressure of 100 mm Hg. The overall stress level within the aortic media is higher in the
uniform thickness model than the histology image-based model. In particular, the stress in
the anterior region is markedly higher in the uniform thickness model, while the stress
difference between the two models in the posterior region is relatively small. Within the
aortic media, the stress of the uniform thickness model changes noticeably from the anterior
region toward the posterior region. In contrast, the histology image-based model is
experienced relatively uniform radial distribution of stress within the aortic wall except the
lateral regions at the edge of the perivascular adipose tissue connection. This trend is
consistent in the normal physiological pressure ranging from 80-120 mm Hg.
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To further highlight the difference between the two models in each of anterior and posterior
regions of the aortic media, Figure 6 plots the first principal stress with respect to the radial
location within the aortic wall from the lumen. While the stress in the anterior region of the
uniform thickness model is remarkably higher than that in the posterior region, note that the
principal stresses of histology image-based model are similar between the anterior and
posterior regions, creating a sense of uniform stress throughout the aortic wall. For the
anterior region, there is a 21.1% drop in stress between the two models at the closest
location to the luminal surface and a 19.3% drop at the farthest location at the pressure of
100 mm Hg. These computational results show that the homogeneity of stress within the
aortic media greatly improved by using the non-uniform thickness and a connective tissue
layer of the aorta.

The principal stress in the aortic media changes in unique ways when the properties of the
connective tissue layer and perivascular adipose tissue are altered. Referring to Figure 7,
when the stiffness of the connective tissue layer is increased, the stress of the aortic media
decreases especially in the anterior region (case 5). When the stiffness of the perivascular
adipose tissue is increased, the stress of the aortic media decreases in the posterior region
(case 4). Therefore, when the stiffness in both connective tissue layer and perivascular
adipose tissue are increased, the overall stress in the aortic tissue decreases to form a
uniform distribution with overall lower stress (case 6).

4 Discussions

Mechanical homeostasis is a key assumption for recent theoretical and computational studies
related to the growth and remodelling of blood vessels under various physiopathological
conditions. While most previous studies of blood vessels have assumed uniform thickness
and have not included surrounding tissue in their models, our study employed an idealised
model with surrounding tissue and non-uniform aortic wall thickness based on histology
examination of the thoracic aorta. Using finite element analysis, we compared the stress
distributions of the histology image-based model with surrounding tissue and the uniform
thickness model without a connective tissue layer. When we considered the connective
tissue layer of the aorta, there was approximately 19-21% of stress drop in the anterior
region and resulted in more uniform stress distribution throughout the vessel wall.
Furthermore, we presented the effect of altered mechanical properties of surrounding tissues
on the mechanical states of the aortic media. Our finding suggests that non-uniform
thickness of the aortic media and surrounding tissues may contribute to the aortic wall
maintaining relatively uniform stress distribution.

This result is consistent with a major finding of vascular mechanics during the past four
decades, namely that the increases in the complexity of modelling and analysis (e.g., non-
linear mechanical behaviour of vessel wall, residual stress, and vasoactive tone) have found
more uniform stress within the vessel wall (Humphrey, 2002). The surrounding tissue yields
the radial constraint on the aorta and may help to redistribute the external loading
circumstantially in accordance with non-uniform thickness of the aortic media. Therefore,
our finding with the histology image-based model emphasises the role of the perivascular
surrounding tissue in mechanical homeostasis of the aorta.
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In recent years, there is a growing interest on the role of perivascular adipose tissue in
vascular physiopathology. The perivascular adipose tissue modulates the activities of
vascular smooth cells such as contraction, proliferation and migration (Szasz and Webb,
2012); and the contractile response of the aortic ring (L6hn et al., 2002). The amount of
adipose tissue is associated with abnormal health conditions, such as hypertension (Galvez-
Prieto et al., 2008) and obesity. Constitutive relationships for the aortic tissue have been
heavily studied, but surprisingly little research has been devoted to the mechanical
properties of perivascular adipose tissues. Our parametric study, however, implies that
changes in mechanical properties of perivascular adipose tissues or the connective tissue
layer will affect the mechanical state of aortic wall and induce vascular adaptation in the
aorta.

Figures 6 and 7 show that such geometric modifications alone in the model do not yield
completely homogenised stress fields, as particularly shown by the stress gradient from
luminal surface, although the stress in the aortic media becomes redistributed with
surrounding tissue. Further considerations, such as the use of a non-linear constitutive model
and inclusion of residual stress, will improve the stress analysis and could result in a fully
homogenised stress level within the aortic media. Table 2 summarises the possible model
improvements to the current histology image-based model.

For finite element analysis, we used experimental data for the distal portion of the porcine
thoracic aorta. This longitudinal portion of the aorta is placed in the retrocrural space and
thus the influence of surrounding organs may be relatively small. The opening angle of this
longitudinal portion, which represents the residual stress, is relatively small along the aorta
(Han and Fung, 1991). Furthermore, the thoracic aorta exhibits the linear mechanical
behaviour up to the physiological level of pressure (Kim and Baek, 2011), although the
behaviour of most small arteries is highly non-linear (Danpinid et al., 2010; Shadwick,
1999). Therefore, this portion of the aorta would be appropriate for studying the influence of
the surrounding tissue with linear finite element analysis. Nevertheless, further studies are
needed for the quantitative study of the effect on surrounding tissues of the aorta with non-
linear anisotropic mechanical properties.

This two-dimensional model may also be extended to other locations along the aorta. In such
cases, however, one should apply the external boundary conditions to account for the force
contribution from organs surrounding the aorta such as lungs in the thoracic region. For
example, the area occupied by the retrocrural space would be subjected to changes as the
location of interest moves distally from the heart; since the outer boundary of the retrocrural
space is delimited by the diaphragmatic crura in humans, the “attachment’ of the abdominal
aorta to the spine may become negligible (Restrepo et al., 2008).

In closing, although many improvements to the current model are needed to fully capture the
biomechanics of the aorta under the physiological accuracy, the model presented in this
feasibility study nonetheless demonstrates an important role of the surrounding tissues
according to realistic vascular thickness and external tissue in order to better estimate the
arterial wall stress in vascular mechanics.
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Domains

1) Aortic media
2) Perivascular adipose tissue

3) Connective tissue layer

Regions

A) Anterior side

P) Posterior side

Note: Domain 1, 2, 3 are the aortic media, the perivascular adipose tissue in the retrocrural
space, and a layer of the connective tissue surrounding the aorta and the
perivascular adipose tissue, respectively.

Figure 1.
Histology sample of the porcine thoracic aorta (see online version for colours)

Note: Domain 1, 2, 3 are the aortic media, the perivascular adipose tissue in the retrocrural
space, and a layer of the connective tissue surrounding the aorta and the perivascular adipose
tissue, respectively.
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(a) Comparison of the aortic wall thickness approximation and measurements along the
circumference. 0°, 360° : the anterior side, and 180° : the posterior side (b) Approximation
of the cross-sectional geometry of the aorta (see online version for colours)
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Notes: a: thickness of the aortic media, b: thickness of a connective tissue layer at the lateral
side, and c: thickness of a connective tissue layer at the anterior side. b = 0.4a, ¢ = 0.5b.

Figure 3.
Schematic of cross-sectional model of the thoracic aorta

Notes: a: thickness of the aortic media, b: thickness of a connective tissue layer at the lateral
side, and c: thickness of a connective tissue layer at the anterior side. b = 0.4a, ¢ = 0.5b.
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(@) (b)

Figureb.
The first principal stress distributions within the uniform thickness model of case 1 (a) and

the histology image-based model of case 3 (b) when subjected to an internal pressure of 100
mm Hg (see online version for colours)

Int J Exp Comput Biomech. Author manuscript; available in PMC 2014 July 14.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Kim et al.

Page 14

[oc]
(5,1

— AU

o]
o

- —-Al
- = =Pl

~N
w

v unu a o
o wnn O wu o

First principal stress (kPa)

N
wv

D
o
/

L

w
(%]

0.5 1 1.5 2
Radial distance from the lumen (mm)

Notes: AU: the anterior region of the uniform thickness model, PU: the posterior region of the
uniform thickness model, Al: the anterior region of the histology image-based model,
and PI: the posterior region of the histology image-based model.

Figure®6.
Comparative plot of the first principal stresses within regions A and P for both models when

subjected to an internal pressure of 100 mm Hg (see online version for colours)

Notes: AU: the anterior region of the uniform thickness model, PU: the posterior region of
the uniform thickness model, Al: the anterior region of the histology image-based model,
and PI: the posterior region of the histology image-based model.
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Young’s moduli used in domains of the uniform thickness model and the histology image-based model for the

parametric study

Case Domain1l

Domain2 Domain 3

1
2
3
4
5
6

E
E
E
E
E
E

0.25E -
0.5E -
0.25E E
0.5E E
0.25E 2E
05E 2E

Note: E = 494 kPa
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Table 2

Summary of possible model improvements

Anisotropic heterogenous material properties
Periodic internal pressure boundary condition
Inclusion of residual strain in the aortic media
Accurate constitutive relationships for all material domains

Loading contributions from other organs (depending on location)
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