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Abstract. The research in the field of cardiovascular biomechanics is focused primarily on
the heart and blood vessels, but the surrounding tissues, on the other hand, are often
overlooked in the literature. This study shows that the human perivascular adipose tissue can
significantly affect mechanical response of the human abdominal aorta. Analytical model of
incompressible bilayer thick-walled closed cylindrical tube has been created and
subsequently used to simulate the inflation-extension response of the aorta surrounded with
adipose tissue. The inner layer, abdominal aorta, was assumed to exhibit residual stresses.
The material of this layer was considered as anisotropic and was described by hyperelastic
nonlinear constitutive model. The outer layer, fat tissue, was considered to be a hyperelastic
isotropic material which does not exhibit residual stress. The outer radius of the aorta and
inner radius of the external fatty tube were considered to be equal during the pressurization
and axial stretch. The inflation-extension response of bilayer tube was compared with one-
layer representing only the abdominal aorta. The simulations showed that the abdominal
aorta is more compliant in the circumferential and axial direction in comparison with the fat
tissue. The Cauchy stress across the wall thickness of bilayer model and the one-layer tube
was determined and compared. The plot of the Cauchy stress versus deformed radius proved
that the radial stress satisfies the boundary condition o,,(r;*) = —P, ¢,(r,F) =0 and
0, (1,4) = 0,.(r;7). An abrupt change in the axial stress by approx. 80 kPa occurs on the
contact between the aorta and perivascular tissue. The results of this study suggest that the
surrounding tissue should not be neglected in the modeling of blood vessels.
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1 INTRODUCTION

In the last few decades, there has been a signifgr@wth of interest in the mechanical
properties and constitutive modeling of biologicalft tissue (predominantly vessels), but
research on the perivascular tissue has been medidhe adipose tissue surrounds all blood
vessels and organs and influences their mechastiatd. The perivascular tissue should be
taken into account in solving of various types afubdary value problems describing
biomechanics of abdominal aorta such as computdtgmulations of an aneurysmiorvivo
constitutive modeling.

In the case of vessels, most of the works focusnodeling only one-layer tubes, but
Holzapfel et al. (2000) modeled healthy caroticeirtof a rabbit as bilayered structure
consisting of two layers corresponding to the mexid adventitia. They showed results of
deformation behavior during inflation and axialsion, bending, with and without including
the residual strain and after that, they presethtedlistributions of the principal Cauchy stress
components gyg, 0,, ando,, along the deformed wall thickness (media and adhent
layers). Waffenschmidt et al. (2014) adopted theteme, structural and geometrical
parameters for a carotid artery of a rabbit fromzapfel et al. (2000) and published extremal
states of the energy of a double-layered thick-edatube with these parameters. Bilayered
model of the pressurized tube was also used by Svrand Holzapfel (2012) who identified
material parameters of invariant-based exponeetadtic potential for both intact (bilayer
model) and layer-dissected (one-layer model) hucaaotid arteries.

In the present study, the analytical model of kelathick-walled closed tube (the human
abdominal aorta and perivascular adipose tissumites layer) has been created as a subject
of the inflation-extension test, by using geomeiridata of human abdominal aorta from
Labrosse et al. (2012), material parameters ofaalnam Horny et al. (2014) and material
parameters of human perivascular tissue from Voonaket al. (2015). To the authors
knowledge, this is the first study where the aned#yt model with individual layers
(abdominal aorta and fat tissue) is studied.

2 MATERIAL AND METHODS

All the computations performed within this studyvlabeen conducted in Maple
(Maplesoft, Waterloo, Canada). The abdominal aogfaresents inner layer of analytical
model and was modeled as an incompressible, hgstiel anisotropic residually stressed
homogeneous thick-walled closed tube. The perivas@adipose tissue surrounding the aorta
was considered as incompressible, hyperelasti¢csampic without residual stress.

In what follows, constitutive model and geometridata characterizing abdominal aorta
of 38 years old male donor are adopted from Hotral.§2014). They used results, originally
published by Labrosse et al. (2013), to determiatenal parameters of the human abdominal
aorta defined in the constitutive model suggesieGasser et al. (2006).

Vonavkova et al. (2015) published preliminary résubf the uniaxial tensile tests
conducted with human perivascular adipose tissbhey Tised hyperelastic constitutive model
based on Fung-Demiray strain energy density funcfidis stress-strain relationship is here
adopted to model mechanical behavior of the adifiesee (male donor 29 years old).

2.1 Kinematicsof inflation and extension of a bilayer tube

After removal from a body, the abdominal aortansthe load-free configuratiof; .
However, this state is not a stress-free (refefecaefiguration which is denoted &5g. It is
known that cutting the arterial ring in the vesselk leads to opening of the artery due to the
release of residual stress. Here, it is assumédftbapen sector is the stress-free (reference)

2
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configuration sz (Sommer and Holzapfel, 2012), as depicted in KEglr Thus, the
cylindrical coordinates of the tulie, 8°,z") in the reference configuratiaise are defined in

(1).
Ppi<p=<p,, 0560 <Q@2m—-2a), 0<z <( (2)

Herep;, p,, @ and{ denote the inner and outer radius of the abdonaiogh in undeformed
configuration, opening angle and the length ofdtress-free tube, respectively. The opening
angle for reference configuration is shown in tiguFe 1.

The adipose tissue is modeled as not subjecteestdual deformation, and, therefore it
can be said, that its reference configuration ésltdad-free configuratio®;r (Sommer and
Holzapfel, 2012). See Figure 1.

The deformatiory (composition of the deformationg, and ygrgs) which mapsgg into
the deformed (loaded) configuratiagh, is depicted in the Figure 1. The deformatigsys
maps fromQgg to 2 and can be understood as a bending of curved beammsponding to
the stress-free arterial strip. The residual stiegsduced by means gf;zs. The deformation
x1 is associated with axial stretch and inflation #eabs to the deformed configuratity
(Sommer and Holzapfel, 2012). In terms of the djical coordinate$R, 0, Z), the region of
O1p IS

RA*<RA<R,A 0<0<2m 0<Z<IA 2)

whereR;*, R,® andL? are the inner and outer radius and the length@fbdominal aorta in

the load-free configuratiof), s, respectively® = (an_"m) 0" andZ = &z holds in the maping

xres- Ri¥, R,F, LP(LP = [#),§ are the reference inner and outer radius, length axial
stretch of the perivascular tissue in the unloamediguration.

The deformatiory;, (Sommer and Holzapfel, 2012) takes the load-feediguration;
into the deformed configuratio;, (Figure 1). In terms of cylindrical coordinatés 6, z),
the region of the current configuration is

rA<rdi<nh 0<6<2m 0<z<IA (3)

Herer4 , r,» and[* denote the inner and outer radius and the lengttheo deformed
abdominal aorta, respectivety’, r,F, IP(I? = [*) are the deformed inner and outer radius,
length and axial stretch of the perivascular tisaube loaded configuration.

The kinematics of inflation and extension is ddsedli by the deformation gradieRt in
(4). The deformation gradiezgs Which considered closing of opened up circulataec
as shown in the equation (4). The resulting kinérsas given as (5).

OR(p) or(R)
S 0 0 TR 0 \
F = T R(p) , F,= rp)
RES 0 p— 0/ L 0 X 0 (4)
0 0 s o 0 A"
ar
(p) 0 0 \
A-(1r) 0 0 | ap |
F=FFges=| 0 () 0= 0 m_ r(p) o | 5)
0 0 A, T—a p /
0 0 1,46
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Here A,*( 1,* = A,") is the axial stretch of aorta which is identicalhathe stretch of
the adipose tissuel,., 1y and 1, are the radial, circumferential and axial stresche
respectively.

During the deformation, the inner radius of the @hthal aorta and the inner radius of
perivascular were expressed by means of the raghdsthe length via incompressibility
condition (6) and (7), respectively.

A A 1A
A (128 = 12%) = (m— DI Z - pB), 2 =1 (6)
P
nlf (RZ —RZ ) =nl? (7" =2"), 2" =1 @)
Reference (stress-free) Load-free Deformed (loaded)
configuration configuration configuration

Abdominal aorta Perivascular tissue Perivascular tissue

P>0

Frog =0 Abdominal aorta — ( Abdominal aorta

ed — Fred

Figure 1: Kinematics of the abdominal aorta andpdevascular tissue.
The arterial ring with residual stress in the refee (stress-free) configuratiqg.
The abdominal aorta with surrounding perivascussue in the load-free configurati@q
but without internal pressure.
The bilayer tube in the deformed (loaded) configjaora,, after the application of internal
pressure.

2.2 Constitutive models
According to Ogden (1982), the constitutive equafiar an incompressible hyperelastic
material can be written in the form of (8).
—_pWeT _
o = 2F o F Ip. (8)

Hereo denotes the Cauchy stress ten€ois the right Cauchy-Green strain tensde: FTF.
p plays the role of a Lagrangean multiplier, whiepresents the hydrostatic contributiorsto
not captured by, due to the incompressibility constraint.

2.2.1. Abdominal aorta

The abdominal aorta wall was modeled as a homogegranisotropic, incompressible,
hyperelastic material. The strain energy densitycfion W,y was used, proposed by
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Gasser et al. (2006) for modeling general mechrabaracteristics. The strain energy
density function is expressed by equation (9).

k _ 2
Woon =5 (1 = 3) + Zjeae (37 1), (9)
K =kl + (1 - 36, j =46, (10)
with
I =224+ 25+ 22, 1, = Ig = A5cos%f + A2sin?p, (11)

where pu =159kPa is the infinitesimal shear modulus of the isotoopmatrix.
k, = 78.488 kPa is a stress-like material parameter and= 4.911 is a dimensionless
parameter. The material parameters were adopted ftorny et al. (2014)K, and K, are

generalised invariants related to imperfect fibdéignanent. x = 0.189 is a structural

parameter which measures the degree of fiber d;"EcpE(rO <K= %) 1, is the first invariant

of the right Cauchy-Green strain tensrand/, are additional strain invariants induced by
the existence of preferred directions in a contmutihe parametef = 41.41° denotes the
angle between the (mean) fiber direction and theumferential direction in the individual
layers, and, therefore, acts as a geometrical peteam

2.2.2. Perivascular tissue

For the perivascular adipose tissue, the exponduatiation of strain energy densiy/,
proposed by Demiray (1972) was used (12).

M(eb(x,%ﬂg +A§—3) : 1)

b H

1

Wp =3 (12)

with stress-like parameter = 18.397 kPa and dimensionless parametet= 31.834. These
material parameters were taken from Vonavkova.€28l5).

2.3 Thick-walled bilayer tube model

The equilibrium equations for the closed incomptdsshyperelastic thick-walled tube in
the radial and axial direction are expressed i) &@ (14) for the inner layer (the abdominal
aorta) and in (15), (16) for the outer layer (tleeiyascular tissue). Their form is adopted from
Holzapfel and Ogden (2010), Labrosse et al. (2048 Horny et al. (2013). Detailed
derivation can be found in Matsumoto and Hayas@9€). The indices A, and P are used to
distinguish between individual layers (aorta, paswmular tissue). The boundary conditions are
considered in the forma,,(r;4) = —P, 0,.(1,F) = 0 and g,..(1,2) = o,.(r;¥). Further, the
conditionAZA = 1," was considered.

ro® . A OWA drd

PA=[ia Ao aAgh TA (13)
Frea = [T (22,2 25 = 26" 20 rhdr? (14)
pP — rrﬁ’P gp %%P (15)
Frod' =m fr:f;,P (2,1;’ Zf’i 25" gZi) PP (16)
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HereW denotes the strain energy density function witielated explicit dependence an
by substitutingAr=ﬁ. P indicates internal pressure aril,; is the reduced axial
61z

(prestretching) force acting on the closed endheftube additionally to the force generated
by the pressure acting on the end (Horny et all32®orny et al., 2014; Matsumuto and
Hayashi, 1996).

The distributions of the principal Cauchy stresmponentsayg, 0,, andao,,. across the
deformed wall thickness (aorta and perivasculaugdayers) are given equations (17), (18),
(29).

0 ow d
0 (1) == [ Ag 5 (17)
ow
Ogg = ﬂ.g % + Orr (18)
ow
Oz = Az E + Oy (19)

2.4 Inflation-extension behavior of bilayer tube model

Horny et al. (2014) fitted experimental data fromabkosse et al. (2013) bW;on
hyperelastic model and estimated material parasdier k4, k,, 5, k) and subsequently
determined variable radii in an undeformed configjon (p;, p,) and axial deformation
which arose during closing of the aorta r{{®.

The reference geometrical daf@®; = 5.3 mm,H = 1.22 mm,a = 117°) of human
abdominal aorta (male age 38 years) from Labrogsal.e(2013), material parameters
(u = 15.90 kPa, k, = 78.49 kPa,k, = 4991, = 41.41,k = 0.1875) and geometrical
parameterdp; = 16.20 mm, p, = 17.42 mm) from Horny et al. (2014) were chosen for
purpose of this study.

The outer radius of the aorta and inner radius bé texternal fatty tube
(ROA =R,", n,2=rP) were considered to be equal in the pressurizalibe.outer radius
of adipose tissue was chos@?bp = 16.52 mm). The value of the outer radius corresponds
approximately to the amount of fat in the seleactedor (male age 38 years).

The inner and outer radius of perivascular tissyg 7,*) and axial stretcl@/lzA = AZB)
have been determined by means of nonlinear leasiras regression method. The objective
function Q (20) was minimized in Maple (Maplesoft, Waterlddanada) subjected to the
constraintF,,; = 0.

red i

2
Q = Yynsle <(peXpl. - Pmodl-)2 — (FeXp - ;ggdi) ) for i =0,1,2,..,16 kPa (20)

where
PPy = PY + PPy, EUR = Flea + Flgy. (21)

red j

3 RESULTS

The results of analytical model of bilayer thickiied closed tube consisting of both the
human abdominal aorta (index A) and surroundingivpscular tissue (index P) are
summarized in the Figure 2. The bilayer model ismpared with model containing only
abdominal aorta. The plots of the pressure versasmferential stretclil,) or axial stretch
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(4,) are depicted in the Figure 2 A, B. The radialcwmferential and axial Cauchy stress
(0,r, 099,0,,) Versus deformed radig) at the pressureé kPa are showed in the Figure 2C.
The axial stretch of the abdominal aorta and adigssue was equal during inflation-
extension, but the analytical model shows that tdwegential and axial stress differs
significantly depending on the thickness of theeouube. The radial stress satisfies the
boundary conditioro,,(r;*) = —=P, o,.(r,¥) =0 and o, (r,%) = 5,.(r;¥). On the contact

with the aorta and perivascular tissue is an alrhiahge in the axial stress 8§ kPa.

Pressure [kPa]

Figure 2 A The plot of the pressure versus circuerfeal stretch(44) and comparison of
B The plot of the pressure versus axial stréfch and comparison of bilayer tube (lines)

C The radial, circumferential and axial Cauctrgss(o,,, 0gg 0,,) versus deformed radius
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4 DISCUSSION

The objective of this study was to compare the raeal behavior of the bilayer thick-
walled close tube, where the inner layer was a lmuat@ominal aorta and the outer layer was
perivascular tissue, with abdominal aorta tube. dbdominal aorta and adipose tissue were
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modeled as a homogeneous, anisotropic, incomplessild hyperelastic material. The strain
energy density function®/;,, W, were used for the description of mechanical respaf
inner and outer layer of the model.

The simulations showed that the abdominal aortanisch more compliant in the
circumferential and axial direction in comparisoithvthe fat tissue. The stress along the wall
thickness of bilayer model and only aorta tube determined and compared.

The results of this study show that the mechameshonses are significantly different,
therefore it is uncertain, whether a monolayer rhadéhout the surrounding tissue may
correspond ton vivo reality.
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