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A Two-Dimensional Model of
Hypertension-Induced Arterial
Remodeling With Account for
Stress Interaction Between
Elastin and Collagen
We propose a novel structure-based two-dimensional (2D) mathematical model of
hypertension-induced arterial remodeling. The model is built in the framework of the
constrained mixture theory and global growth approach, utilizing a recently proposed
structure-based constitutive model of arterial tissue that accounts for the individual natu-
ral configurations of and stress interaction between elastin and collagen. The basic novel
predictive result is that provided remodeling causes a change in the elastin/collagen
mass fraction ratio, it leads to a structural reorganization of collagen that manifests as
an altered fiber undulation and a change in direction of the helically oriented fibers in
the tissue natural state. Results obtained from the illustrative simulations for a porcine
renal artery show that when remodeling is complete the collagen reorganization might
have significant effects on the initial arterial geometry and mechanical properties of the
arterial tissue. The proposed model has potential to describe and advance mechanistic
understanding of adaptive arterial remodeling, promote the continual refinement of math-
ematical models of arterial remodeling, and provide motivation for new avenues of
experimental investigation. [DOI: 10.1115/1.4045116]
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1 Introduction

Hypertension, defined as a persistent elevation of arterial pres-
sure, is one of the major risk factors associated with the develop-
ment of many diseases including heart attack, stroke, and kidney
failure. Hypertension is recognized as a leading cause of morbid-
ity and mortality in the western world. Arteries respond to long-
term alterations in arterial pressure by changing geometry, struc-
ture, and composition. This response is termed remodeling and
plays an important role in normal arterial physiology and in the
genesis and progression of a wide range of vascular disorders. For
example, an increase in arterial wall thickness and stiffness com-
monly occur at an early stage in the development of atherosclero-
sis (cf., Ref. [1]).

Remodeling results from the altered vascular cell activity
caused by perturbed local stresses and strains, which trigger a
series of events that may include cell proliferation, hyperplasia,
apoptosis or necrosis, hypertrophy and migration, and may elicit
an imbalance between extracellular matrix synthesis and degrada-
tion [2]. It has been experimentally established that in healthy
mature arteries, remodeling results in restoration of the flow-
induced shear stress at the endothelium and mean circumferential
wall stress to certain baseline levels [2]. Therefore, in these cases,
remodeling represents an adaptive process, which seeks to main-
tain the local mechanical environment of endothelial and smooth
muscle cells (SMCs) despite changes in the global load condi-
tions, and thereby preserves the optimal arterial performance. A
comprehensive review of experimental investigations on adapta-
tion and remodeling of arteries in response to hypertension is
given in Ref. [3].

While experimental studies reveal important descriptive infor-
mation, mathematical models offer a useful tool for testing plausi-
ble mechanisms of remodeling, obtaining predictive results,
interpreting experimental data, and performing parametric studies
for quantification of the effects of different factors involved in the
remodeling process. Different theoretical approaches have been
proposed to build mathematical models of adaptive hypertension-
induced remodeling. Simultaneously and independently, the first
theoretical studies on adaptive remodeling appeared in 1996 [4,5].
In Ref. [4], the authors adopted the volumetric growth approach
considering the vessel as a collection of infinitesimal growing ele-
ments, which change their mass because of local stress or strain
deviations from certain preferred baseline values according to
postulated rate equations. In Ref. [5], the authors proposed a
global growth approach considering the time variation of dimen-
sions of an artery in the zero-stress state (ZSS) to be driven by the
deviation of circumferential wall stress and flow-induced shear
stress at the endothelium from certain homeostatic values via
postulated evolution equations. Both the models used phenomeno-
logical constitutive formulations of arterial tissue and assumed
that remodeling results solely in a change of arterial geometry
while preserving mechanical properties of the tissue. To account
for more specifics in the remodeling response, later models based
on the volumetric growth approach were refined to introduce
more realistic growth laws [6], consider an artery as a thick-
walled or two-layered tube composed of a constrained mixture of
SMCs, elastin, and collagen [6,7], include damage and plasticity
[8], and capture changes in wall composition and mechanical
homogeneity [9]. Similarly, models based on the global growth
approach were refined to account for a change in mechanical
properties by imposing a condition for restoration of arterial stiff-
ness [10,11], consider the evolution of smooth muscle tone [12],
and explain the spatial variation of hyperplasia at the artery/graft
anastomosis [13]. A common characteristic among models based
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on volumetric or global growth is their focus on the kinematic
consequences of remodeling rather than on the remodeling pro-
cess itself. Recent models predict that properties of the tissue may
change due to hypertension via a change in wall composition, but
the individual mechanical properties of constituents remain unaf-
fected by remodeling [4–9,12,13].

Inspired by the seminal paper [14], a new, fundamentally differ-
ent approach to modeling arterial adaptation in hypertension based
on description of biological events inherent to the remodeling pro-
cess was proposed. Using the theory of constrained mixtures, a
series of papers consider remodeling of the individual structural
constituents that can have different natural configurations and can
turnover at different rates, which implies interaction between the
structurally significant constituents. The first one-layered two-
dimensional (2D) model of this kind [15] was later refined to a
three-dimensional approach [16], extended to a multilayered wall
[17], and adapted to account for the effects of altered smooth mus-
cle contractility and matrix growth [18]. It was shown that models
can capture changes in arterial tissue composition and individual
properties of the constituents in terms of the variable mass frac-
tions and deposition stretches at which new mass is added and
incorporated into existing tissue [19]. Though the deposition
stretches and their rate of variation cannot be directly measured, a
nonlinear regression approach was developed for identification of
key model parameters from available histological and biaxial
mechanical data [20]. Moreover, recent studies address directly
the potential mediating role of inflammation in maladaptive arte-
rial remodeling in hypertension [20,21] and found that mechanical
properties are altered differentially in the media and adventitia
[22,23].

In general, most of the proposed models focus on the time
course of arterial remodeling following sustained elevation of
arterial pressure by solving appropriate initial boundary value
problems (e.g., Refs. [4–9]) or using hereditary integral formula-
tions, (e.g., Refs. [19,24], and [25]) after a stepwise change in
arterial pressure. A few models address the direct determination
of the final remodeled state of the arterial wall by seeking the sta-
tionary solution of a system of transcendental equations that
describe the deformation process and the conditions reflecting the
adaptive nature of remodeling (e.g., Refs. [26] and [27]).
Recently, the critical role of the relative rates of tissue responses
and external loading was examined and a new rate-independent
approach for modeling the evolution of soft tissue growth and
remodeling was proposed [28].

To our knowledge, none of the published models predict how
the stress interaction between elastin and collagen is modulated
by remodeling in hypertension and affects remodeling outputs.
The aim of this study is to propose a predictive 2D model for the
final effects of adaptive remodeling in hypertension of healthy
arteries. It accounts explicitly for the stress interaction between
elastin and collagen which affects arterial geometry and can cause
a structural reorganization of the collagen network. The model is
built in the framework of the global growth approach, utilizing a
recently proposed structure-based constitutive model of arterial
tissue [29].

2 Mathematical Model

A healthy, mature artery under normal load conditions and after
reaching stationary state as a result of adaptive remodeling
induced by a sustained increase in pressure is termed as normoten-
sive and hypertensive, respectively. First, we consider the stretch
and stress field of the normotensive artery. Later, using the global
growth approach, we determine the ZSS geometry, arterial wall
composition, structural organization of collagen network, and
mechanical response of the hypertensive artery when adaptive
pressure-induced remodeling is completed.

2.1 Normotensive Artery. Following the 2D approach
[30,31], an artery is considered as a membrane made of an elastic

incompressible material. In the stress-free configuration, jN
0

(Fig. 1), the inner radius is RN
i and thickness HN . Hereafter, the

superscript N denotes quantities in the normotensive artery. Under

internal pressure PN and longitudinal in situ stretch kN , the artery
undergoes a finite axisymmetric deformation and takes the

deformed configuration jN (Fig. 1) with inner radius rN
i and wall

thickness hN ; kN ¼ L=LN
0 , L and LN

0 are the lengths of arterial seg-
ment in situ and in the traction-free state, respectively. Consider-
ing an artery as a membrane the traction-free state is also a ZSS.
The deformation is described in terms of the circumferential and
axial stretch of the arterial midwall surface with respect to a cylin-
drical coordinate system and by the change in wall thickness with
account for the material incompressibility, as follows:

kN
h ¼

rN
i þ hN=2

RN
i þ HN=2

; kN
z ¼ kN ; hN ¼ HN

kN
h kN

z

(1)

Expressions for the mean stresses produced by deformation
depend on the adopted constitutive model of arterial tissue. We
use the 2D structure-based constitutive formulation given recently
in Ref. [29]. Briefly, the tissue is considered as a constrained mix-
ture of collagen and elastin each having an individual zero-stress
(natural) configuration. Elastin is considered as an isotropic neo-
Hookean solid. Collagen exists as four fiber families with domi-
nant orientation as follows: a longitudinally oriented family (1); a
circumferentially oriented family (2); and two helically oriented
families (3) and (4) that are symmetrical with respect to the longi-
tudinal direction. Each collagen family represents a collection of
an infinite number of fiber subfamilies with identical orientation
but continuously varying waviness in the state when the tissue is
not stretched. In the tissue natural state elastin is biaxially
extended while collagen fibers are compressed, and the partial
stress borne by each constituent is self-equilibrated. When an
artery is inflated and extended, depending on the fiber orientation,
degree of initial undulation, and magnitude of circumferential and
axial stretch, some fibers might be compressed, extended but not
straightened, or straightened and stretched. The stress response of
fibers under compression is described by a strain energy function
(SEF) that is a sum of exponential functions of the tissue stretch
along jth fiber direction family ðj ¼ 1;…4Þ. In line with the
continuum-based approach, the mechanical properties of each col-
lagen subfamily are described by a solid with SEF that is a quad-
ratic function of the Green strain in the direction of fibers when

Fig. 1 Schematic of the arterial configurations before and after
pressure-induced remodeling
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they are straightened and stretched. According to the rule of mix-
tures, the total SEF and tissue stress produced by the constituents
is a sum of the individual SEFs, or respectively, effective stress,
of each load-bearing constituent weighted by its mass fraction as
follows:

rN
h ¼ 2uN

elcel k0
elðhÞk

N
h

� �2

� 1

k0
elðhÞk

N
h

� �2

k0
elðzÞk

N
z

� �2

0
@

1
A

þ k0
colðhÞk

N
h

X4

j¼1

cðjÞNuðjÞNcol c
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1 kðjÞNcol

� �2
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� ��
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� �2

� 1

� �2
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þ
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cos2bðjÞNdaðjÞNðiÞ

(2)

where

âðjÞNðiÞ ¼

0 if k jð ÞN < kðjÞNrðminÞ

k jð ÞN�k jð ÞN
r minð Þ

Dk jð ÞN
r

if k jð ÞN
r minð Þ < k jð ÞN < k jð ÞN

r maxð Þ

1 if k jð ÞN > kðjÞNrðmaxÞ

8>>>>>>><
>>>>>>>:

cðjÞN ¼
1 if k jð ÞN

col < 1

0 if kðjÞNcol � 1

8<
:

(3)

k0
elðhÞ > 1; k0

elðzÞ > 1; k0
colðhÞ< 1; and k0

colðzÞ < 1 are the initial pre-

stretches of elastin and collagen in the tissue ZSS in the circum-

ferential and axial directions, respectively; bðjÞN0 is the angle with
respect to the longitudinal direction of the jth family collagen
fibers in the natural configuration of collagen, which is calcu-

lated from the relation bðjÞN ¼ arccos cosbðjÞN0 k0
colðzÞ=k

0ðjÞN
col

h i
;

where bðjÞN is the corresponding angle of the jth family
collagen fibers in the natural configuration of the tissue,

which can be determined from histology, and k0 jð ÞN
col ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðk0
colðhÞÞ

2
sin2bðjÞN0 þ ðk0

colðzÞÞ
2
cos2bðjÞN0

q
is the prestretch experi-

enced by a linear element oriented along the jth family of the

collagen in the normotensive artery natural state; kðjÞNcol ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðk0

colðhÞk
N
h Þ

2
sin2bðjÞN0 þ ðk0

colðzÞk
N
z Þ

2
cos2bðjÞN0

q
and kðjÞN ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðkN
h Þ

2
sin2bðjÞN þ ðkN

z Þ
2
cos2bðjÞN

q
are the stretches along the jth

family of the collagen in the deformed tissue state with respect

to collagen and tissue natural state, respectively; kðjÞN
colðiÞ ¼

kðjÞN=k jð ÞN
r ið Þ and E

ðjÞN
colðiÞ ¼ 1

2
ðkðjÞN

colðiÞÞ
2 � 1

� �
are the stretch and the

corresponding Green strain experienced along the collagen fibers

when they are straightened and stretched, where kðjÞNrðiÞ ¼
kðjÞNrðminÞ þ aðjÞNðiÞ DkðjÞNr is the so-called recruitment stretch defined

with respect to the tissue natural state that is needed to straighten
ith subfamily fibers of the jth family [29] and has to be

determined from histology as explained in Ref. [32]; kðjÞNrðminÞ

and kðjÞNrðmaxÞ are the recruitment stretches corresponding to the

least and most undulated jth family fibers,

respectively; DkðjÞNr ¼ kðjÞNrðmaxÞ � kðjÞNrðminÞ; aðjÞNðiÞ is a dimensionless

parameter that varies over the interval 0; 1½ �; uN
el and uðjÞNcol are

the mass fractions of elastin and the jth collagen fiber family,
defined as a ratio between the constituent mass and total tissue

mass in a unit volume; uðjÞN
colðiÞ are the mass fraction intensity

functions that describe the distribution of collagen mass fraction
among fibers with identical orientation but different waviness;

uðjÞN
colðiÞ is a continuous function of the recruitment stretch kðjÞNrðiÞ

over the range kðjÞNrðminÞ; kðjÞNrðmaxÞ

h i
. Given kðjÞNrðminÞ and kðjÞNrðmaxÞ, uðjÞN

colðiÞ

can be considered also as a function of aðjÞNðiÞ . The experimental

findings in Ref. [32] showed that range in variation of recruit-
ment stretch does not depend on the fiber orientation. Therefore,

parameters kðjÞNrðminÞ and kðjÞNrðmaxÞ for a normotensive artery are iden-

tical for each fiber family. Obviously, the following equation
holds true:

DkðjÞNr

ð1

0

uðjÞN
col ið ÞdaðjÞNðiÞ ¼ uðjÞNcol (4)

Parameters âðjÞNðiÞ and cðjÞN govern the engagement of fibers in ten-
sion and compression, respectively. Finally, cel; c

ðjÞc
1 ; c

ðjÞc
2 , and

ccol are material constants of elastin, collagen in compression, and
collagen in tension, respectively.

In the tissue natural state, kN
h ¼ kN

Z ¼ 1 and the partial stresses
borne by elastin and collagen are self-equilibrated and therefore

2uN
elcel k0

el hð Þ

� �2

� 1

k0
el hð Þ

� �2

k0
el zð Þ

� �2

0
@
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þ k0
col hð Þ
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j¼1

u jð ÞN
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jð Þc
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� �2
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2 k0 jð ÞN
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� 1

� �2
" #9=

;sin2b jð ÞN
0 ¼ 0

2uN
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el zð Þ
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el hð Þ
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k0
el zð Þ

� �2

0
@

1
A

þ k0
colðzÞ

X4

j¼1

uðjÞNcol c
ðjÞc
1 k0ðjÞN

col

� �2

� 1

� ��

� exp c
ðjÞc
2 k0ðjÞN

col

� �2

� 1

� �2
" #9=

;cos2bðjÞN0 ¼ 0 (5)

Equations (5) are fundamental for the constitutive model and
express the coupling between elastin and collagen prestretches
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that modulate the interaction between their individual stress
responses.

Given the initial arterial geometry, structural and mechanical
constitutive parameters, and axial stretch kN

z , the deformed and
stress states of the artery are determined provided the circumfer-
ential tissue stretch kN

h satisfies the equation of equilibrium that
follows from the free-body diagram of the inflated artery, namely,
rN

h � PNrN
i =hN ¼ 0, where rN

h is given by the first of Eq. (2).

2.2 Hypertensive Artery. When the vessel is kept at constant
length and arterial pressure increases in a stepwise manner to PH ,
the artery undergoes an instantaneous elastic deformation and the
inner diameter increases. Hereafter, the superscript H denotes
quantities in the hypertensive artery. The elastic response is fol-
lowed by an acute vasomotor response that tends to reduce the
increased deformed diameter and thereby diminish the disturbing
effects on the mechanosensitive vascular cells caused by the
decreased flow-induced shear stress at the endothelium and
increased mean circumferential stress in the arterial wall (cf.,
Refs. [9] and [31]). Persisting elevation of the arterial pressure
triggers time-dependent remodeling of the artery that ultimately
leads to the establishing of a new steady-state with resorted vascu-
lar homeostasis. In the final deformed configuration, jH (Fig. 1),
remodeling manifests as a change in arterial dimensions and even-
tually composition and structural organization of the arterial wall.
The deformed inner radius is rH

i and wall thickness is hH . When
applied loads are removed the artery takes the stress-free configu-
ration jH

0 with inner radius RH
i and thickness HH . Similar to the

case of normotensive artery, the deformation is described by the
circumferential and axial stretches of the midwall surface and the
change in wall thickness as follows:

kH
h ¼

rH
i þ hH=2

RH
i þ HH=2

; kH
z ; hH ¼ HH

kH
h kH

z

(6)

Due to remodeling the total mass of the hypertensive artery
alters. Considering the case when the artery is kept at
constant deformed length, the ratio between the total mass of
hypertensive and normotensive artery is K ¼ RH

i þ HH=2
� 	

kN
z =

RN
i þ HN=2

� 	
kH

z . The new mass is distributed among elastin, col-
lagen, and SMCs. The literature provides contradictory experi-
mental data for the change in mass fractions of wall constituents
due to remodeling [3]. We consider several typical scenarios for
the effects of adaptive remodeling on tissue composition of hyper-
tensive arteries.

Case 1. The mass of elastin is taken to be constant and the col-
lagen mass fraction remains as it is in the normotensive artery.
Recalling the definition of mass fractions as a ratio of the constitu-
ent mass and total arterial mass per unit volume and the condition
that the sum of all mass fractions is equal to one, the relations
which follow are:

uH
el ¼

1

K
uN

el; uðjÞHcol ¼ uðjÞNcol ; uH
sm ¼ 1� uH

el �
X4

1

uðjÞHcol

(7)

Rationale for case 1 is the experimentally established fact that in a
mature organism, the turnover of elastin and its age-related func-
tional degradation are very slow processes with a characteristic
time much bigger than the duration of remodeling [2]. Case 1 is
supported also by experimental findings in Ref. [33] that in a com-
mon carotid artery of mature Wistar rats the mass fraction of elas-
tin decreases while the mass fraction of collagen remains
unchanged after deoxycorticosterone acetate (DOCA)-salt
induced hypertension. A small change in collagen mass fraction in
the rat aortic wall caused by hypertension was also reported in
Refs. [34] and [35]. In this case, the mass of the hypertensive
arteries increases mainly as a result of SMC hypertrophy and

hyperplasia, as well as upregulated collagen synthesis that keeps
its mass fraction constant.

Case 2. Both the mass fractions of elastin and collagen increase
due to remodeling and the new collagen mass is distributed pro-
portionally among fiber families such that

uH
el ¼ xel Pð ÞuN

el; uðjÞHcol ¼ xcolðPÞuðjÞNcol ;

uH
sm ¼ 1� xel Pð ÞuN

el � xcolðPÞ
X4

1

uðjÞNcol

(8)

Functions xel Pð Þ > 1 and xcol Pð Þ > 1, such that
xel PNð Þ ¼ xcol PNð Þ ¼ 1, are to be determined from histology at
different levels of hypertension. An increase in both the elastin
and collagen mass fractions is documented in young rat’s carotid
in the experimental model of hypertension induced by ligation of
the renal arteries [36].

Case 3. This is the trivial case when remodeling does not affect
the composition of arterial tissue as observed in Ref. [37] and
assumed in some published models (e.g., Refs. [4–6]). Therefore,

uH
el ¼ uN

el; uðjÞHcol ¼ uðjÞNcol ; uH
sm ¼ 1� uH

el �
X4

1

uðjÞHcol (9)

If the remodeling-induced change in arterial mass alters the elas-
tin/collagen mass fraction ratio, Eqs. (5) for self-equilibration of
partial stresses borne by elastin and collagen are no longer satis-
fied. To restore the equilibrium in the ZSS of the hypertensive
artery, the prestretch of elastin and collagen must change accord-
ingly. Because the arterial tissue is modeled as a constrained mix-
ture, elastin and collagen experience identical additional
“remodeling-induced” circumferential and axial prestretches
krem hð Þ and krem zð Þ such that the following equations hold true:

2uH
elcel k0

el hð Þkrem hð Þ

� �2

� 1

k0
el hð Þkrem hð Þ

� �2

k0
el zð Þkrem zð Þ

� �2

0
@

1
A

þ k0
col hð Þkrem hð Þ

X4

j¼1

u jð ÞH
col c

jð Þc
1 k0 jð ÞH

col

� �2

� 1

� ��

� exp c
jð Þc

2 k0 jð ÞH
col

� �2

� 1

� �2
" #9=

;sin2b jð ÞN
0 ¼ 0

2uH
elcel k0

el zð Þkrem zð Þ
� �2

� 1

k0
el hð Þkrem hð Þ

� �2

k0
el zð Þkrem zð Þ

� �2

0
@

1
A

þ k0
col zð Þkrem zð Þ

X4

j¼1

u jð ÞH
col c

jð Þc
1 k0 jð ÞH

col

� �2

� 1

� ��

� exp c
jð Þc

2 k0 jð ÞH
col

� �2

� 1

� �2
" #9=

;cos2b jð ÞN
0 ¼ 0

(10)

where k0 jð ÞH
col ¼ k jð Þ

rem k0 jð ÞN
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is the pre-

stretch experienced the direction of jth family fibers of the

hypertensive artery in its natural state and k jð Þ
rem ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k2
remðhÞ sin2bðjÞN þ k2

remðzÞ cos2bðjÞN
q

is the additional

“remodeling-induced” stretch; bðjÞH¼arccos cosbðjÞNkrem zð Þ=k
ðjÞ
rem

h i
is the angle of jth family fibers in the natural state of the hyperten-

sive artery, which differs from bðjÞN only for helically oriented
families.
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Equations (10) are the keystone relations in the proposed
model. They account for the remodeling-induced alteration in
stress interaction between elastin and collagen via altered pre-
stretches in the ZSS of the hypertensive artery. Obviously, in case
3, krem hð Þ ¼ krem zð Þ ¼ 1, and the hypertensive artery exhibits

mechanical properties that are identical to the normotensive
vessel.

The products k0
el hð Þkrem hð Þ, k0

el zð Þkrem zð Þ; k0
colðhÞkrem hð Þ, and

k0
colðzÞkrem zð Þ are the effective values of elastin and collagen pre-

stretches in the natural state of the hypertensive artery. The modi-
fied collagen prestretch affects the structural organization of the
collagen fibers. The collagen mass fraction intensity functions

u jð ÞH
col ið Þ are defined over a new fiber family-specific recruitment

stretch interval ½ k jð ÞH
r minð Þ; kðjÞHrðmaxÞ�, where kðjÞHrðminÞ ¼ k jð ÞN

rðminÞ=k
jð Þ

rem,

kðjÞHrðmaxÞ ¼ k jð ÞN
rðmaxÞ=k

jð Þ
rem . This means that in contrast to the normo-

tensive artery, the mass distribution for each collagen family of
the hypertensive artery is family specific. Accounting for constant

arterial length, the axial stretch becomes kH
z ¼ kN

z =krem zð Þ.
Similar to the case of normotensive artery, the following equa-

tions hold true

DkðjÞHr

ð1

0

uðjÞH
col ið ÞdaðjÞHðiÞ ¼ u jð ÞH

col ðj ¼ 1; 2; or 4Þ (11)

which allow introducing as unknown one, two, or three family
specific model parameters, say k

ðjÞ
col, that describe effects of remod-

eling on mass fraction intensity functions u jð ÞH
col ið Þ.

Finally, the circumferential and axial stress–stretch relations for
the tissue of the hypertensive artery are

rH
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ð âðjÞHðiÞ

0

uðjÞH
colðiÞE

ðjÞH
colðiÞ

kH
h

kðjÞHrðiÞ

0
@

1
A

2

sin2bðjÞHdaðjÞHðiÞ

and

rH
z ¼ 2uH

elcel k0
el zð Þk

N
z

� �2

� 1

k0
el hð Þkrem hð Þk

H
h

� �2

k0
el zð Þk

N
z

� �2

0
@

1
A

þ k0
col zð Þk

N
z

X4

j¼1

cðjÞHuðjÞHcol c
ðjÞc
1 kðjÞHcol

� �2

� 1

� ��

� exp c
ðjÞc
2 kðjÞHcol

� �2

� 1

� �2
" #9=

; cos2bðjÞN0

þ
X4

j¼1

ccolDkðjÞHr
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where kðjÞHrðiÞ ¼ kðjÞHrðminÞ þ aðjÞHðiÞ DkðjÞHr ; DkðjÞHr ¼ kðjÞHrðmaxÞ � kðjÞHrðminÞ

âðjÞHðiÞ ¼

0 if k jð ÞH < kðjÞHrðminÞ

k jð ÞH�k jð ÞH
r minð Þ

Dk jð ÞH
r

if k jð ÞH
r minð Þ < k jð ÞH < k jð ÞH

r maxð Þ

1 if k jð ÞH > kðjÞHrðmaxÞ

8>>>>>>>><
>>>>>>>>:

cðjÞH ¼
1 if k jð ÞH

col < 1

0 if kðjÞHcol � 1

8<
:

kðjÞHcol ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðk0
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H
h Þ

2
sin 2bðjÞN0 þ ðk0

colðzÞk
N
z Þ

2
cos2bðjÞN0

q
and

kðjÞH ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðkH

h Þ
2

sin 2bðjÞH þ ðkH
z Þ

2
cos2bðjÞH

q
are the stretches of a

linear element oriented along the jth family of the collagen with

respect to collagen and tissue natural state, respectively; kðjÞH
colðiÞ ¼

kðjÞH=k jð ÞH
r ið Þ and E

ðjÞH
colðiÞ ¼ 1

2

�
kðjÞH

colðiÞ

�2

� 1

� �
are the stretch and the

corresponding Green strain experienced by collagen fibers when
they are straightened and stretched.

Following the global growth approach, we seek outcomes of
remodeling in jH

0 (Fig. 1) that comply with requirements for resto-
ration of arterial homeostasis under load as it exists in the normo-
tensive artery. It has been experimentally established that
provided blood flow remains unchanged, adaptive hypertension-
induced remodeling restores the normotensive level of flow-
induced shear stress at the endothelium (cf., Refs. [3] and
[38–40]), which implies restoration of the deformed inner radius
rH

i ¼ rN
i . With an account for Eq. (6)

kH
h RH

i þ
HH

2

� �
� HH

2kH
h kH

z

� rN
i ¼ 0 (13)

The requirement for restoration of the mean circumferential stress
rH

h ¼ rN
h yields
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(14)

It follows from the free-body diagram of the inflated artery that
rH

h ¼ PHrH
i =hH . Using the corresponding equation for normoten-

sive artery given in Sec. 2.1, and the conditions rH
i ¼ rN

i and
rH

h ¼ rN
h ; the equilibrium equation of hypertensive artery yields

HH

kH
h kH

z

� HN

kN
h kN

z

PH

PN
¼ 0 (15)

In agreement with experimental findings in Ref. [41], we did not
impose a condition for restoration of the normotensive value of
the axial stress.

In summary, the direct determination of the final outputs of
remodeling is reduced to solving a system of algebraic and

Journal of Biomechanical Engineering APRIL 2020, Vol. 142 / 041008-5

D
ow

nloaded from
 http://asm

edc.silverchair.com
/biom

echanical/article-pdf/142/4/041008/6463822/bio_142_04_041008.pdf by guest on 24 April 2024



transcendental equations that describe the change in mass fractions
due to remodeling (Eqs. (7)–(9)), restoration of self-equilibration of
the partial stresses borne by elastin and collagen in circumferential
and axial directions (Eq. (10)), relations between the collagen fam-
ily specific mass fractions and corresponding model parameters
(Eq. (11)), restoration of the deformed inner radius (Eq. (13)), res-
toration of the target circumferential stress (Eq. (14)), and equilib-
rium of the hypertensive artery (Eq. (15)). Depending on the
number of considered collagen fiber families, in total, the systems
consist of eight (or nine or ten) equations. The system includes
eight (or nine or ten) unknown model parameters as follows: geo-
metrical parameters, RH

i and HH , constituents mass fractions uH
el

and u jð ÞH
col , deformation parameters krem hð Þ; krem zð Þ, and kH

h , and one
(or two or three) mass fraction-related parameters k

ðjÞH
col . The only

free parameter is the elevated pressure PH that explicitly appears in
Eqs. (8) and (15). Though the system is highly nonlinear, it is solv-
able using commercially available programs.

3 Illustrative Simulations

To illustrate the descriptive and predictive capability of the pro-
posed model, we used a published constitutive model for a pri-
mary porcine renal artery [29]. The selected analytical form of the
mass fraction intensity function is the so-called bell-shaped
function

uðjÞ
col ið Þ ¼ k

ðjÞM
col ðk

ðjÞM
rðminÞ � kðjÞrðiÞÞðk

ðjÞ
rðiÞ � kðjÞMrðmaxÞÞ

h in oaM

;

kðjÞrðiÞ 2 kðjÞMrðminÞ; k
ðjÞM
rðmaxÞ

� � (16)

where aM and k
ðjÞM
col are fiber-specific structural parameters; M¼N

or H for normotensive and hypertensive artery, respectively.
The vessel under pressure of 13.33 kPa (100 mmHg) and in situ

axial stretch kN is considered as a normotensive artery. The values
of all input geometrical, material, and mechanical parameters are
taken from Ref. [29] and given in Table 1. The normotensive
artery undergoes a finite deformation characterized by a mean cir-
cumferential stretch kN

h ¼ 1:621 and a corresponding mean

circumferential stress rN
h ¼ 132: 88 kPa. We consider the artery to

be kept at constant length and subjected to a sustained hyperten-
sive pressure. There is a lack of experimental data that allow iden-
tification of Eq. (8), which specify the relations between an
increase in elastin and collagen mass fractions and applied hyper-
tensive pressure in case 2. For illustrative purposes, we selected
the simplest linear dependence as follows:

uH
el ¼ 1þ lel

PH

PN
� 1

� �
 �
uN

el;

uH
col ¼ 1þ lcol

PH

PN
� 1

� �
 �
uN

col

(17)

with lel ¼ 0: 10 and lcol ¼ 0: 35.
To evaluate the effects of the modulated prestretch of elastin

and collagen on remodeling outputs, we compare the results from
case 1 with the results from a “fictitious scenario” (case 1fict) in
which remodeling alters the wall composition in an identical man-
ner but does not affect the tissue natural configuration. In this
case, the prestretch of elastin and the structural organization of
collagen fibers remain unchanged. The governing system of
equations follows from the system for case 1 after setting
krem hð Þ ¼ krem zð Þ ¼ 1, and neglecting Eq. (10).

The commercially available numerical solver MapleTM 12
(MaplesoftTM, Waterloo, ON, Canada) was used to solve the system
of corresponding governing equations for each of the four cases,
with consideration of ten values of hypertensive pressure over the
interval [13.33, 26.67] kPa. The calculated ratio between deformed
mean radius and wall thickness for both the normotensive and hyper-
tensive arteries is bigger than 5.5, which justifies the 2D membrane
approach. Figures 2–9 illustrate the results obtained for the
hypertension-induced changes in arterial mass, constituent mass frac-
tions, mechanical properties of the tissue, collagen fibers prestretch,
collagen mass fraction distribution, collagen fiber engagement in
load bearing, tissue stretch, ZSS geometry, and arterial response.
Finally, the model predicts that remodeling induces an insignificant
(less than 0.2%) change in fiber angle (results not shown).

4 Discussion

4.1 Novelty. The major novelty of the proposed model is the
predictive result that if remodeling causes disproportional changes
in elastin and collagen mass fractions, as typically observed, it
causes a change in the prestretches of elastin and collagen and
therefore stress interaction between them. This leads to a

Table 1 Model parameters (taken from Ref. [29])

Parameter Symbol Value

Initial outer radius RN
o 2.24 mm

Initial thickness HN 0.81 mm

Axial stretch in vivo kN
z 1.23

Elastin mass fraction uN
el 0.252

Total collagen mass fraction of a helical fiber uð3;4ÞNcol 0.182

Fiber orientation angle in the tissue ZSS bð3;4ÞN 7 49.67 deg

Fiber orientation angle in the collagen ZSS bð3;4ÞN0 755.04 deg

Minimal recruitment stretch kð3;4ÞNrðminÞ 1.349

Maximal recruitment stretch kð3;4ÞNrðmaxÞ 1.752

Bell shaped function parameter aN 3.81

Bell shaped function parameter k 3;4ð ÞN 30.732

Collagen circumferential prestretch k0
colðhÞ 0.700

Collagen longitudinal prestretch k0
colðzÞ 0.850

Elastin circumferential prestretch k0
elðhÞ 1.102

Elastin longitudinal prestretch k0
elðzÞ 1.040

Elastin material parameter cel 33.82 kPa

Collagen material parameter (compression) c
ð3;4Þc
1 0.430 MPa

Collagen material parameter (compression) c
ð3;4Þc
2 7.10

Collagen material parameter (tension) ccol 200 MPa
Fig. 2 Normalized arterial mass versus hypertensive pressure
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reorganization of the collagen fiber network, which manifests as a
fiber family specific reduction of fiber undulation and a change in
direction of the helically oriented fibers in the tissue natural state.
These changes have a significant impact on the arterial geometry
and tissue mechanical properties after complete adaptive remodel-
ing to elevated blood pressure.

4.2 Descriptive and Predictive Results. Having imposed
restoration of deformed inner diameter and mean circumferential
wall stress, the choice of any constitutive model can describe the
deformed configuration and the amount of increased mass in the
hypertensive artery because of the uniqueness of the state that
restores mechanical homeostasis. The choice of an appropriate
structure-based constitutive model and specification of
remodeling-induced modulation of the amount of wall structural
constituents, however, affects the new mass spatial distribution

and tissue structural reorganization. The best approach to evaluate
the predictive capacity of the proposed model is using known
model parameters determined for a specific artery and a set of
morphological, histological, and mechanical data of the normoten-
sive vessel, as well as the analogous data of the remodeled hyper-
tensive artery for different levels of elevated pressure. However,
neither the model parameters nor corresponding experimental data
relevant to a specific type artery are available. Therefore, we qual-
itatively evaluate the descriptive and predictive capabilities of the
model on the basis of results taken from published data.

The existence of a unique solution of the system of transcen-
dental governing equations verifies the potential of the proposed
model to describe the adaptive remodeling response to sustained
hypertension. In line with imposed conditions for restoration of
the baseline value of the deformed inner diameter, increase in
deformed wall thickness proportional to hypertensive pressure,
and constant arterial length, the model predicts that the total mass

Fig. 3 Constituent mass fractions versus hypertensive pressure for (a) cases 1 and 1fict (curves overlap) and
(b) case 2

Fig. 4 Mean circumferential stress versus mean circumferential stretch. Case groupings highlight the (a)
effects of tissue composition and the (b) individual effect of collagen network reorganization. Curve 0 refers
to the normotensive artery; curves 1, 1f, 2, and 3 refer to the artery remodeled under sustained hypertensive
pressure of 26.67 kPa in cases 1, 1fict, 2, and 3, respectively. The (�) and (�) symbols denote an inflation pres-
sure of 13.33 kPa and 26.67 kPa for the normotensive and hypertensive arteries, respectively.
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of the hypertensive artery does not depend on the adopted consti-
tutive model and arterial mass increases virtually linearly with
respect to the magnitude of the hypertensive pressure (Fig. 2). The
factors and underlying processes that govern the synthetic activ-
ity, hypertrophy, and hyperplasia of SMCs, which ultimately
result in a specific mass distribution among tissue constituents, are
not completely known. The age of animals and chosen experimen-
tal model of sustained hypertension are plausible candidates. To
simulate probable remodeling scenarios, we considered several
typical cases prescribing the new mass distribution based on
experimental findings reported in the literature as explained in

Sec. 2. Excluding the trivial case 3 when the wall composition is
not affected by remodeling, the dependence of wall composition
on the magnitude of the hypertensive pressure is illustrated in
Fig. 3. As prescribed by Eqs. (7) and (17), the mass fraction of
elastin monotonically decreases with hypertensive pressure and
collagen mass fraction remains unchanged in cases 1 and 1fict,
while both mass fractions monotonically increase with hyperten-
sive pressure in case 2. It should be noted that in case 2, the calcu-
lated decrease in SMC mass fraction that results from the imposed
increase in mass fraction of elastin and collagen does not imply
that remodeling suppresses SMC hypotrophy and proliferation.

Fig. 5 Effects of remodeling on collagen fibers prestretch and mass fraction distribution. (a) Remodeling-
induced stretch along the collagen fibers in the tissue ZSS versus hypertensive pressure. Curves 1, 1f, 2, and
3 refer to cases 1, 1fict, 2, and 3, respectively. (b) Mass fraction intensity versus fiber recruitment stretch. Curve
0 refers to the normotensive artery; curves 1, 1f, 2, and 3 refer to the artery remodeled under sustained hyper-
tensive pressure of 26.67 kPa in cases 1, 1fict, 2, and 3, respectively. The (�) and (�) symbols denote an infla-
tion pressure of 13.33 kPa and 26.67 kPa for the normotensive and hypertensive arteries, respectively.

Fig. 6 Effects of remodeling on collagen fiber engagement. (a) Percentage of recruited collagen with respect
to the total collagen versus hypertensive pressure. Curves 1, 1f, 2, and 3 refer to cases 1, 1fict, 2, and 3, respec-
tively. (b) Percentage of recruited collagen with respect to the total collagen versus fiber stretch. Curve 0 refers
to the normotensive artery; curves 1, 1f, 2, and 3 refer to the artery remodeled under sustained hypertensive
pressure of 26.67 kPa in cases 1, 1fict, 2, and 3, respectively. The (�) and (�) symbols denote an inflation pres-
sure of 13.33 kPa and 26.67 kPa for the normotensive and hypertensive arteries, respectively.
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Accounting for the fact that the total arterial mass increases with
pressure (Fig. 2), the calculation of the amount of smooth muscle
in the hypertensive artery remodeled under sustained hypertensive
pressure of 26.67 kPa (200 mm Hg) is still 26% higher than the
amount in the normotensive vessel.

One of the major predictive results of the proposed model is the
hypertension-induced alteration of stress–stretch relations of arte-
rial tissue. To evaluate the effects of remodeling on arterial tissue
mechanical properties, we compared the circumferential
stress–stretch responses of normotensive artery and hypertensive
artery subjected to sustained pressure of 26.67 kPa (Fig. 4).
Assuming no change in inherent mechanical properties of elastin
and collagen, in the trivial case when constituent mass fractions
are not affected by remodeling (case 3), the normotensive and the
remodeled hypertensive artery exhibit an identical stress–stretch
response regardless of the value of the hypertensive pressure
(Fig. 4(a)). However, remodeling-induced change in elastin and
collagen mass fractions modulates the constitutive relations via
two different pathways. First, considering the tissue as a

constrained mixture, mechanical properties are affected by the
change in the elastin and collagen mass fractions that govern the
individual contribution of constituents to load-bearing (cases 1,
1fict, and 2). Second, because the ratio of elastin to collagen mass
fraction of the hypertensive artery differs from the value of the
normotensive artery, remodeling causes a change in prestretch of
extended elastin and compressed collagen (cases 1 and 2).

Effects of remodeling on the mechanical properties of the
hypertensive artery can be evaluated in two manners. The circum-
ferential stretch needed to produce a certain value of the circum-
ferential stress keeping the axial stretch fixed is a measure of
global tissue stiffness. On the other hand, the slope of the
stress–stretch curve at a certain stretch value is a measure of the
local material stiffness and is related to the incremental modulus
of the tissue. Over the elastin-dominated range of low tissue
stretches (below 1.4), the stress response is governed by the mass
fraction of elastin, its prestretch in the tissue natural state, and the
stress borne by collagen fibers when they are compressed. At least
in the cases under consideration, a change in elastin mass fraction

Fig. 7 Effects of remodeling on tissue stretch. (a) Circumferential stretch (continuous curves) and axial
stretch (dashed curves) versus hypertensive pressure. (b) Stretch along collagen fibers versus hypertensive
pressure. Curves 1, 1f, 2, and 3 refer to cases 1, 1fict, 2, and 3, respectively.

Fig. 8 (a) Normalized thickness versus hypertensive pressure. (b) Normalized inner radius versus hyperten-
sive pressure. Curves 1, 1f, 2, and 3 refer to cases 1, 1fict, 2, and 3, respectively.
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has the predominate effect and its decrease/increase causes a
decrease/increase in both the global and local material stiffness
compared to the normotensive artery (Fig. 4(a)). This conclusion
is supported by the comparison between stress–stretch relations in
cases 1 and 1fict in which the changes in composition are identical,
but in case 1fict, the effects of remodeling on the tissue natural
state are abolished. While due account of remodeling-induced
changes in the tissue natural state increases the stress response
over the elastin-dominated stretches, when compared at equiva-
lent stretch, the tissue of hypertensive artery is softer than the tis-
sue of the normotensive vessel (Fig. 4(b)).

At higher stretches, over the collagen-dominated stretch region,
the tissue of the hypertensive artery in cases 1 and 2 is stiffer com-
pared to the normotensive artery (Fig. 4(a)). The response is gov-
erned by the change in collagen mass fraction (case 2 only),
structural reorganization of collagen, the percentage of collagen
fibers involved in load-bearing, and the contribution of elastin.
Opposite to the response over the elastin-dominated region of
stretches, the altered stress response is governed mainly by the
effects of remodeling on the manner by which collagen fibers are
engaged in load-bearing. Figure 5(a) illustrates the dependence of
remodeling-induced stretch along the fibers in the tissue natural
state on the value of hypertension for considered cases of mass
distribution. Accordingly, remodeling modifies the collagen mass
fraction intensity function (Fig. 5(b)) and insignificantly the orien-
tation of the helical fibers. Depending on the extent to which
remodeling affects the ratio between elastin and collagen mass
fraction (more in case 1 than in case 2, Fig. 3), the onset of colla-
gen fiber engagement occurs at a lower tissue stretch, over a nar-
rower range of stretches, and at an increased rate (Fig. 5(b)), with
the net result of increased tissue stiffness in the hypertensive
artery. Obviously, as a consequence of remodeling the model pre-
dicts that collagen fibers in an adapted hypertensive artery are less
undulated in the tissue natural state compared to the normotensive
artery, which agrees with the histological observations in Ref.
[42]. As for the amount of collagen fibers engaged in load-
bearing, Fig. 6 illustrates two typical predictions of the proposed
model. The percentage of the mass fraction of “working” collagen
fibers in the remodeled artery does not correlate with the total col-
lagen mass fraction resulting from remodeling. When the total
collagen mass fraction remains unchanged (case 1), the percent-
age of engaged collagen fibers monotonically increases with
hypertensive pressure; when the total collagen mass fraction

increases (case 2), the percentage of engaged collagen fibers
decreases with hypertensive pressure (Fig. 6(a)). This difference
is due to the fact that at given hypertensive pressure the percent-
age of the mass fraction of “working” collagen fibers is a net
effect of changes in total arterial mass (Fig. 2), collagen mass
fraction (Fig. 3), and the mass fraction intensity function (Fig.
5(b)). On the other hand, as expected, for a given remodeled
artery, the percentage of the engaged collagen mass fraction
increases with an increase in fiber stretch (Fig. 6(b)). Finally, the
relatively low values of collagen fiber engagement in normoten-
sive and hypertensive arteries agree with results of previous stud-
ies [29,43]. As discussed in Ref. [29], these values might result
from overestimation of the accepted value of the collagen fiber
modulus and need experimental verification.

The leading role of collagen reorganization on tissue stiffening
is supported by the comparison of model predictions in cases 1
and 1fict. In both the cases, the percentage of recruited collagen
fibers is equal (Fig. 6(a)). If the stress interaction between elastin
and collagen is neglected, the tissue of “fictitious” hypertensive
artery is softer than the tissue of normotensive artery (Fig. 4(b))
and the stress response in the collagen-dominated stretch region is
similar to that of the normotensive artery. Therefore increased
global material stiffness of hypertensive arteries is due mainly to
altered elastin-collagen stress interaction that makes the engage-
ment of collagen fibers occur at lower stretch levels. At the target
circumferential stress (rN

h ¼ 132: 88 kPa), the local material stiff-
ness is governed by the value of the corresponding circumferential
stretch and amount of collagen involved in load-bearing. Model-
predicted similarity between the slope of hypertensive and normo-
tensive arteries (Fig. 4) could not be considered as a general tend-
ency but rather as a result of abrupt engagement of collagen over
a narrow range of fiber stretch, which is predetermined by the
selected bell-shaped mass fraction function and high value of the
collagen material parameter (Table 1).

The effects of hypertension-induced remodeling on the
stress–stretch relation are similar to the theoretical predictions for
the stress response caused by a functional elastin degradation of
renal artery in Ref. [29]. In both scenarios, a reduction of elastin
mass fraction modulates the initial prestretch of elastin and colla-
gen in the new tissue ZSS. However, the cause of diminished elas-
tin mass fraction is different. In the case of hypertension-induced
remodeling, this is due to the increase in the total arterial mass
accompanied by no change (case 1) or even disproportionate

Fig. 9 Effects of remodeling on arterial response. (a) Deformed outer radius versus arterial pressure. (b) Nor-
malized deformed outer radius versus arterial pressure (distension ratio curve). Curve 0 refers to the normo-
tensive artery; curves 1, 1f, 2, and 3 refer to the artery remodeled under sustained hypertensive pressure of
26.67 kPa in cases 1, 1fict, 2, and 3, respectively. The (�) and (�) symbols denote an inflation pressure of
13.33 kPa and 26.67 kPa for the normotensive and hypertensive arteries, respectively.
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increases (case 2) in elastin mass, while elastin degradation
reduces the elastin mass engaged in load-bearing but the total arte-
rial mass remains unchanged.

The model predicts that hypertension causes an insignificant
decrease in the longitudinal stretch in the deformed state of the
remodeled artery (Fig. 7(a)), which is qualitatively supported by
experimental observations in Refs. [44] and [45] that the in vivo
axial strain was decreased by hypertension. In line with material
stiffening in the circumferential direction, the circumferential
stretch and the stretch in the direction of fibers gradually decrease
with the increase in hypertensive pressure (cases 1 and 2 in Fig.
7). Again, the response is governed mainly by the remodeling-
induced stress interaction between elastin and collagen. This con-
clusion is in concert with the model predictions for increased
remodeling-induced stretch along collagen fibers (Fig. 5(a)),
which lowers the minimal recruitment stretch in the hypertensive
artery (Fig. 5(b)). If the stress interaction is neglected (case 1fict),
the stretches are very close to the values in case 3 in which remod-
eling does change tissue composition. A small discrepancy
between the cases is due to the fact that case 1fict still accounts for
the decrease in elastin mass fraction and slightly higher stretch is
needed to restore the target circumferential stress. In the case of
no alteration in stress interaction between elastin and collagen due
to preserved tissue composition (case 3), the constant fiber stretch
at any hypertensive pressure (Fig. 7(b)), no remodeling-induced
fiber stretch (Fig. 5(a)), and constant mode of collagen mass frac-
tion intensity function (Fig. 5(b)) are logical consequences.

The decrease in stretch along fibers in the deformed arterial
configuration suggests some plausible speculations for the causal
link between this output of hypertension-induced remodeling and
the reduced waviness of collagen fibers. Remodeling occurs
simultaneously with continuous collagen turnover that maintains
the collagen prestretch and collagen network organization. New
mass is added in the deformed configuration, while the effects of
collagen turnover, evaluated in terms of parameters that describe
the fiber waviness, are observable in the natural arterial state. It
seems reasonable to assume that the restoration of the local
mechanical environment of SMCs leads to restoration of the nor-
mal mode of collagen fiber synthesis, and more specifically the
value of the deposition stretch at which new fibers are laid down
and integrated in the tissue under loads. The deposition stretch of
collagen then seems to be a target parameter rather than a descrip-
tor of the remodeling-induced change in the collagen stress
response. If a constituent-specific deposition stretch is defined to
be the stretch experienced by a structural constituent before being
replaced by a new material, it is equal to the product of the corre-
sponding prestretch and the tissue stretch in the deformed arterial
state. Moreover, by virtue of Eq. (10), the prestretches of collagen
and elastin are interrelated and the corresponding deposition
stretches are also coupled. Because the model predicts that in
hypertension, the collagen fibers are less compressed in the arterial
natural state (the value of the effective collagen prestretch is closer to
one), a constant deposition stretch requires a decrease in the circum-
ferential stretch and stretch in the direction of fibers in the deformed
state of the hypertensive artery as predicted by the model. Then new
collagen fibers, which are laid down in the deformed arterial configu-
ration, are less wavy in the tissue natural configuration.

Because stretches govern the mapping of the natural configura-
tion to the deformed configuration, the ZSS dimensions of the
remodeled hypertensive arteries are also case-specific. The results
obtained show that the ZSS wall thickness increases with hyper-
tensive pressure in all cases (Fig. 8(a)). This outcome was
reported in many experimental investigations (cf., Refs. [3], and
[40–42]) and was predicted by all published models for pressure-
induced remodeling (cf., Refs. [4–10] and [15–17]). However, the
relation between the ZSS inner radius and hypertensive pressure
might trend differently depending on the manner by which remod-
eling affects the wall composition (Fig. 8). A common characteris-
tic of cases 1 and 2 is that the hypertensive artery exhibits smaller
ZSS inner radius/wall thickness ratio compared to case 3, despite

the fact that the ratio between deformed thickness and deformed
inner radius is equal for all cases. An interesting predictive result
is that the ZSS inner radius is virtually constant for case 1, which
is supported experimental findings for morphology and histology
of the rat common carotid after induction of DOCA-salt hyperten-
sion reported in Ref. [33]. Therefore, the hypertension-induced
chronic arterial response in case 1, evaluated in terms of geometri-
cal dimensions in the ZSS, manifests as an adaptive outward hyper-
trophic remodeling according to the classification in Ref. [46].
Accounting for the fact that the value of the deformed inner radius
of the remodeled hypertensive artery is also independent of the
value of the hypertensive pressure, the constant value of the inner
radius in the ZSS implies that remodeling restores also the baseline
value of circumferential stretch experienced by the endothelial cells
that modulate their gene expression [47]. Comparison between
model predictions of cases 1 and 1fict shows that ZSS geometry that
manifests the true growth due to remodeling is strongly influenced
by the stress interaction between elastin and collagen (Fig. 8(b)).

Altered ZSS geometry and mechanical properties of arterial tis-
sue caused by the adaptive remodeling govern the mechanical
response of the hypertensive artery. Predicted pressure–deformed
outer radius curves show that regardless of constitutive relations
of the arterial tissue, each hypertensive artery has equal outer
deformed radius under the operating pressure of 26.67 kPa (Fig.
9(a)). This is an expected result due to the imposed kinematic
condition for restoration of the deformed inner radius to a target
value and the fact that deformed thickness does not depend on the
mechanical properties of the wall material according to Eq. (15).
An interesting result is a predicted virtual overlap of the curves
corresponding to cases 1 and 1fict, which means that remodeling-
induced alteration of the initial prestretch of elastin and collagen
does not meaningfully affect the mechanical response of artery.
Recall that though mass fractions of constituents are equal, the
mechanical properties and initial geometry in these cases are dif-
ferent. Thus, at least in the considered particular cases, while the
structural reorganization of collagen fibers caused by remodeling
significantly impacts material stiffness, the governing factor for
the structural response is the composition of the arterial wall.

To eliminate the variation in initial arterial geometry on the
experimental findings for effects of remodeling on the mechanical
response, it is often illustrated as pressure–distension ratio curves
using as a distension ratio the deformed outer radius normalized by
the radius at zero pressure (Fig. 9(b)). The model predicts that at
equivalent pressures the distension ratio of hypertensive arteries is
smaller than the ratio of the normotensive artery, showing that
remodeling increases the structural stiffness. In all considered cases,
the slope of the pressure–distention ratio curve is higher than the
slope of the normotensive artery, with a tendency for the difference
to decrease at higher pressure when collagen is the dominant load-
bearing constituent. These conclusions are in qualitative agreement
with reported experimental data in Ref. [40]. As expected, the effect
is more pronounced over the physiological pressure range in which
the contribution of collagen to tissue mechanical properties is domi-
nant. A comparison between the pressure–distension ratios curves in
cases 1 and 1fict again shows that they are virtually identical. Despite
the fact that remodeling alters in a different manner the mechanical
properties of the tissue and initial dimensions of the vessel, the iden-
tical wall composition, deformed inner diameter, and wall thickness
under hypertensive pressure are sufficient to yield a virtually identi-
cal arterial response over the entire pressure range.

4.3 Limitations and Perspectives. To focus on the novelty
of the model, namely the effects of stress interaction between elas-
tin and collagen on remodeling outputs, we introduced several
assumptions that significantly simplify the numerical calculations
and interpretations of the model predictions. An artery is consid-
ered as a one-layered elastic membrane and contribution of
smooth muscle to the mechanical response is neglected. Similar to
all published models on pressure-induced remodeling, we
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assumed that inherent mechanical properties of collagen fibers
and elastin do not change. The manner of distribution of
remodeling-induced increase in arterial mass among structural
constituents was prescribed on the basis of some general specula-
tion. It is well known that different experimental approaches to
induce hypertension might yield contradictory experimental
results, but our model does not address this issue.

Another group of limitations in our study refers to the per-
formed illustrative simulations. As discussed in Sec. 3, all model
parameters were taken from published data instead of determined
from morphological, histological, and inflation–extension data of a
single artery, though there are reliable methods for model parame-
ter identification from histological assays, optical methods such as
confocal and scanning electron microscopy, and morphological
data after enzymatic degradation of elastin [29]. Similarly, selection
of the deterministic bell-shaped function, Eq. (16), is based on heu-
ristic consideration rather than on experimental findings. Therefore,
the results obtained in our study underline the importance of
accounting for the stress interaction between elastin and collagen,
but remain at best mainly illustrative. There is a pressing need of
more numerical simulations and parametric analyses for arteries
from different locations and age groups.

Refinements of the proposed model might go in several direc-
tions. It is reasonable to generalize the model to three-dimensions,
and to account for passive and active smooth muscle, anisotropic
mechanical properties of elastin, distribution of collagen fibers
around a primary orientation direction, and the difference between
the medial and adventitial layers. Most likely, remodeling affects not
only collagen network organization but also collagen fiber cross-
linking [2]. Moreover, recent studies suggest that the clinical impor-
tance of model predictions would be increased by refinements which
reflect factors such as inflammation that leads to maladaptive remod-
eling [20,21] and conditions on time variation of elevated pressure
under which remodeling might be considered as a quasi-static pro-
cess [28]. A vital task for adequate mathematical modeling is moti-
vated selection of equations that describe the distribution of new
mass among arterial wall constituents and between media and adven-
titia, which is expected to be specific for different modes of experi-
mental hypertension as done in Refs. [22] and [23]. In line with the
specifics of the adopted constitutive model [29], a critical point is the
necessity of model-motivated experiments to identify layer-specific
prestretches of elastin and collagen and mass distribution among
fibers with identical orientation but different waviness in terms of
mass fraction intensity functions of recruitment stretches.

5 Conclusion

In conclusion, we proposed a novel 2D mathematical model for
obtaining predictive results of adaptive hypertension-induced
remodeling of arteries. The model is based on a structure-based con-
stitutive model of arterial tissue that explicitly considers the individual
zero-stress configurations of elastin and collagen and their interactions
in terms of the constituents’ specific prestretches in the tissue natural
state. The model is built in the framework of the global growth
approach and aims at obtaining the zero-stress geometry, arterial wall
composition, structural organization of collagen network, and
mechanical response of the hypertensive artery when adaptive
pressure-induced remodeling is completed. Better understanding the
process and consequences of adaptive remodeling allows revealing
the probable causes and modes of maladaptive arterial remodeling in
response to hypertension, which manifests as the generation and pro-
gression of certain vascular disorders. Moreover, the model promotes
better understanding of experimental and clinical data and motivates
directions for future studies on arterial remodeling.
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