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Abstract

A number of cardiovascular diseases (e.g. aortic aneurysm, aortic dissection and
atherosclerosis) are associated with altered biomechanical properties in the vascular wall. This
thesis studies vascular adaptation and its resulting alteration in biomechanical properties.
Vascular adaptation refers to alterations in the vascular wall as a response to changes in its
environment. This process can be examined through in vitro experiments on isolated blood
vessels. Previous studies have shown that adaptation in arteries is induced by alterations in
blood pressure. However, not much is known about the adaptation of smooth muscle cells and
its resulting effects on the active tone. In order to verify previously obtained results on smooth
muscle cell adaptation, in vitro experiments were conducted in this project. The in vitro
experiments were conducted in a myograph on mice descending thoracic aorta. The
experiments included a three-hour adaptation where the samples were contracted using an
agonist at optimal stretch, or at a stretch lower than the optimal stretch. Concurring with the
previous study, a decrease around 20% in active tone was observed after adaptation on low
stretch. Based on the experimental data a constitutive framework was developed, which
allows numerical studies on vascular adaptation of the active tone. Subsequently, the
constitutive framework was implemented into the FEM software ABAQUS, and a thick-
walled 3D artery was analyzed. By implementing the model in a FEM software, a platform for
solving more complex boundary value problems has been created, and more challenging
boundary conditions can be studied.
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Sammanfattning

Många hjärt- och kärlsjukdomar (t.ex. aortaaneurysm, aortadissektion och ateroskleros)
sammanfaller med förändrade biomekaniska egenskaper i kärlväggen. Detta examensarbet
undersöker vaskulär adaptation, samt biomekaniska egenskaper som detta medför. Vaskulär
adaptation avser anpassningar i blodkärlsväggen som orsakats av en förändring i kärlväggens
omgivning. Detta kan studeras genom in vitro-experiment på isolerade blodkärl. Tidigare
studier har visat att adaptation i blodkärl uppkommer till följd av förändrat blodtryck.
Studierna om adaptation behandlar oftast det passiva materialet i kärlväggen. Det är därför
mindre känt hur de glatta muskelcellerna adapteras. Tidigare projekt har behandlat vaskulär
adaptation och hur det påverkas av mekanisk stretch (Bakker m.fl. 2004 och Tuna m.fl. 2013).
Murtada m.fl. (pågående) har visat att adaptation på låg stretch medför en minskning av den
aktiva tonen, samt att den ökar vid hög stretch.  För att testa tidigare resultat utfördes in vitro-
experiment på aorta från möss. Data från experimenten användes för att anpassa en
matematisk modell som modellerar beteendet av kärlväggen. Avslutningsvis implementerades
det konstitutiva ramverket i FEM-mjukvaran ABAQUS.
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Glossary and abbreviations
Actin: a protein that exists as thin filaments in smooth muscle cells.

Active tone: the resistance to stretch in the vascular wall, caused by smooth muscle
contraction.

Adenosintrifosfat (ATP): is a nucleotide able to store and transport chemical energy within
cells.

Agonist: a chemical that binds to a receptor and activates the receptor to produce a biological
response.

Calmodulin (CaM): a protein related to smooth muscle contraction.

Contractile unit (CU): the contractile unite in smooth muscle cells.

Elastic arteries: large arteries that transport blood from the heart.

Finite element Method (FEM): a numerical method used to approximately solve partial
differential equations.

High potassium chloride (KCl): a high concentration potassium chloride solution, used in
this project to initiate contraction of smooth muscle.

Immunohistochemistry (IHC): a technique used for detecting proteins in cells of a tissue
section, where labeled antibodies binds to specific antigens in biological tissue.

In vitro: studies performed on samples removed from their normal biological context.

In vivo: studies performed on living organisms (e.g. animals or humans).

Myosin: a protein that exists as thick filaments in smooth muscle cells.

Myosin light chain (MLC): a subunit of myosin.

Myograph: a device used to measure the force produced by muscles.

Phenylephrine (PE): an alpha-receptor stimulant used in this project to initiate contraction of
smooth muscle.

Resistance arteries: smaller arteries that distribute blood to various parts in the body.

Smooth muscle: is responsible for the contractility of hollow organs (e.g. bladder and blood
vessels) and is controlled by the autonomic nervous system.

Vascular tone: the resistance to stretch in the vascular wall, including passive resistance and
resistance caused by smooth muscle contraction.
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Chapter 1

Introduction
Cardiovascular diseases are one of the most severe public health problems in developed
countries. In year 2012, 38% of all deaths in Sweden were caused by cardiovascular diseases,
making it the most common cause of mortality [1]. Numerical models of physiological
systems are a rapidly developing research area in biomechanics. Mathematical models are
developed to increase our understanding of the physiology of different organs, or their
interaction [2, 3, 4, and 5]. Many models focus on the cardiovascular system and can
investigate phenomenon that are complex to study in vivo or in vitro.

A number of cardiovascular diseases are associated with altered biomechanical properties in
the vascular wall, such as aortic aneurysm, aortic dissection or atherosclerosis. To gain
knowledge in these areas focus is placed on the adaptation process of the vessel wall.
Adaptation refers to how the vascular wall responds to alterations, for example in
hemodynamics and blood pressure, resulting in structural and functional changes in both
passive and active response of the vascular wall.

The objective of this project is to study the phenomenon of active tone adaptation in large
elastic arteries. By in vitro experiments on mice descending thoracic aorta, a constitutive
framework can be developed. The constitutive framework can be implemented in a finite
element software (ABAQUS).

In Chapter 1 some theoretical background introduces the project. The method and results from
the in vitro experiments can be found in Chapter 2. The mathematical models and
implementation into ABAQUS are described in Chapter 3. In Chapter 4 the implemented
model is used to model a full artery with locally reduced stiffness by FEM. A concluding
summary of the project can be found in Chapter 5.
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1.1 Theoretical background

1.1.1 Function and histology of the aorta
The cardiovascular system includes the heart and blood vessels. The vascular system consists
of: arteries, arterioles, capillaries, venules, and veins. Each vessel has a unique function, and
as a consequence, arterial structure and biomechanical behavior is different depending on its
location in the vascular system [6]. In this project the vascular properties of the descending
aorta are studied.

In the arterial system blood is transported from the heart to the capillary networks in the
whole the body. The aorta is connected directly to the heart and is the largest artery in the
cardiovascular system. It consists of an aortic root, aortic arch, the descending and the
abdominal aorta. The largest vessels branching from the aorta include the iliacs (which supply
the legs), left subclavian artery (supplies arm), the left carotid artery (supply the neck and
head), and the brachiocephalic artery that divides into the right subclavian and right carotid
artery [6, 7, 8]. The aorta and some of the major branches are illustrated in Figure 1.

Figure 1: Illustration of the aorta and its main branches [9].
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The histology of elastic arteries consist of three layers; the intima, media, and adventitia. The
intima consists of connective fibrous tissue covered by of endothelial cells closest to the
lumen. The media contains smooth muscle, elastin, collagen fibers, and a ground substance
matrix [2, 3].

The outer layer of the artery is the adventitia, and it consists of a network of connective tissue
including collagen fibers, elastin, nerves, fibroblasts, and the vasa vasorum. In the load free
configuration the collagen fibers have a wavy helical structure, but straighten as the blood
pressure increases and the material stretches [2, 3].  The histology of a blood vessel can be
seen in Figure 2.

Figure 2: Histology of a blood vessel, obtained from [2].
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1.1.2 The contractile mechanism in smooth muscle
The  wall  of  an  artery  can  carry  load  by  passive  components,  mainly  elastin  and  collagen
fibers. However, the artery also has active components allowing it to respond to local
demands by contracting and relaxing. Smooth muscle cells control the active contractile
function and can be found in blood vessels, airways, bladder, and in a number of other hollow
organs. The smooth muscle cells are controlled by the autonomic system i.e. not controlled
voluntarily. Their main purpose is to adjust the size of organs by contracting and relaxing [8].

Vascular smooth muscle in small resistant arteries regulates blood pressure by adjusting the
lumen diameter. In large arteries the contraction of smooth muscles contributes to the
resistance in the vascular wall [10]. The contracting mechanism in smooth muscle cells
involves cross bridge interaction between myosin (thick filaments) and actin (thin filaments).
Calcium ions (Ca2+) initiate contraction, and to regulate the concentration of Ca2+, a complex
network of signaling pathways is used.

In  this  project  the  smooth  muscles  are  contracted  in  vitro  in  two  different  ways:  a)  by
membrane depolarization, b) by receptor activation. When activated through membrane
depolarization, the initiation of contraction take place due to changes in the cell surface
membrane potential, which trigger the influx of Ca2+ by voltage-dependent Ca2+ channels. In
contrast, receptor activation activates the contraction using a more complex signaling
pathway. Activation of receptors by agonists at the cell surface results in Ca2+ increase, either
from release of intracellular stores or through signaling mechanisms that increases the Ca2+

sensitivity of the contractile apparatus [11].

Upon starting a contraction Ca2+ binds to the protein calmodulin (CaM). The CaM activates
the myosin light chain (MLC) kinase, which phosphorylate the regulatory light chain of
myosin. When the myosin has been phosphorylated the interaction between myosin and actin
takes place through load bearing cross bridges. Energy released from ATP result in cycling of
the myosin and actin cross bridges to produce force for contraction [11, 3]. An illustration
over the regulation of smooth muscle contraction can be seen in Figure 3.

Figure 3: Shows the regulation of the contractile mechanism in smooth muscle [12].
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1.1.3 Mechanical testing on arteries in vitro
Mathematical models of biomaterial require experimental data to fit the model. The data is
often obtained in vitro by mechanical testing on isolated vessels. Both passive resistance and
active contractile force can be measured in vitro. In many of these experiments, as well as in
this project, a myograph is used.

A  myograph  can  be  used  to  study  arterial  rings  or  whole  isolated  vessels.  In  the  case  with
arterial ring samples, wires or pins are used and are placed through the lumen of the vessel, to
adjust the length of the ring sample. In some myographs the vessel can also be inflated with
solution, and the pressure can be controlled.

During an isometric test, the length of the sample is fixed and the force is measured. During
the test the tissue is kept in a physiological solution, and the smooth muscle cells can be
activated, and the active force is obtained. The passive and active steady state force is
recorded when the tissue is stretched to different lengths and contracted, and results in an
isometric stress-stretch response.

Smooth muscle generates maximum isometric force at a unique stretch, referred to as the
optimal stretch, λoptimal. That is, the muscles generate less active force stretched less than or
greater than the optimal stretch. The passive stress-stretch response shows a non-linear
stiffening behavior. The active response is normally bell-shaped with an optimal muscle
length larger than the slack length [10]. A sketch over a typical response can be seen in Figure
4.

Figure 4: A sketch over typical stretch-stress relationship; for the total response, the passive response, and the active
response from smooth muscle. The optimal stretch marked by λoptimal.
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1.1.4 Adaptation and remodeling of arteries
Changes in arterial pressure have been proven to induce structural and mechanical adaptations
in arteries. Remodeling and adaptation in vessels results in changes in material properties,
which is of interest in mathematical models of the vascular wall. Remodeling is referred to as
a change in the structure achieved by reorganizing, or producing new constituents. Adaptation
refers to change in properties of cell or tissue, in response to a change in its environment. An
artery can adapt by changing the diameter, wall thickness, and active tone [6].

Inward remodeling of arteries occurs when the passive luminal diameter is decreased, and
outward remodeling when the diameter is increased. The remodeling considering wall
thickness is defined as hypertrophic (increased), eutrophic (unchanged), or hypotrophic
(decreased) [13].

In the review by Martinez et al. (2009) it was found that passive remodeling takes place after
2 days, in vivo on resistant arteries. The vessel wall can according to the review adapt to local
mechanical, hemodynamic, and nerohumoral mechanisms. However, studies of adaptation
often consider only the passive properties, not much is known about the adaptation of smooth
muscle cells resulting in an effect on the active tone [13,14].

Bakke et al. (2004) studied the transition of vasoconstriction to remodeling in isolated rat
skeletal muscle arterioles. Segments activated overnight at low pressure showed a decrease in
generated active tension at optimal stretch. Whereas samples activated overnight at higher
pressure kept the contractile ability when activated at the optimal stretch [15].

Many of the studies investigated resistance arteries. However, Arner et al. (1984) studied
adaptation in the aorta in vivo. This study investigated structural and mechanical adaptations
in rat aorta in response to sustained changes in arterial pressure by aortic ligiature, leading to a
low blood pressure, for 6 weeks. The study shows around 50% decrease in active tone, see
Figure 5 [16].
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Figure 5: Figure adapted from [16]. Passive (left) and active (right) length-tension relations of aortas from control rats
(open circle, full line) and from rats with 6 weeks of aortic ligature (filled triangles, broken lines).

Similar results and change in active tone was observed by Murtada et al. (in progress) by
adapting aortic rings at different stretches. Specifically, a decrease of active tone was seen for
adaptation at low stretch. Noticeably, no significant change in passive behavior could be seen.
However, more experimental data is needed to confirm these preliminary data (Murtada et al.,
in progress), which was one particular aim of this thesis.
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1.1.5 Modeling of arterial vessels

Mathematical models are efficient tools when studying the behavior of complex materials,
and can be seen as complementary to experimental characterization of material properties. To
capture the behavior of an artery, both the passive and active properties must be modeled.
Specifically in this thesis, also vascular adaptation will be included in the model.

The  contractility  of  smooth  muscle  contributes  to  the  stiffness  of  the  medial  layer  [3].  The
classic three-element Hill model was used by Fung et al. (1979) to model smooth muscle
contraction. The model consists of an active element in series with an elastic element,  and a
parallel elastic element. The active element represents the sliding of the filaments in smooth
muscle, the elastic element corresponds to the elasticity of the contractile filament, and the
parallel elastic element represents the passive surrounding [17]. A number of other models
have been developed to capture smooth muscle contraction, often based on the three-element
Hill model. A recent model based on the three-element Hill model is a filament-sliding model
proposed by Murtada et al. (2012). The mechanical part has a structural description of the
smooth  muscle  contractile  unit  (CU).  The  model  describes  the  deformation  in  the  smooth
muscle CU through two variables; average elastic elongation and relative filament sliding.
The evolution law of the filament sliding is described as an active element, where the rate of
the filament sliding is proportional to the resulting stress acting upon it [3, 18].

At the time of this study, a mathematical model has not, to our knowledge, captured vascular
adaptation of active tone. Murtada et al. (in progress) proposes a basic model of active tone
vascular adaptation that can describe the behavior of the experimental data seen in adaptation
of aortic smooth muscle.

Arteries have simple cylindrical structures where analytical models such as Laplace equations
are sufficient to describe the deformation when loaded at an internal pressure. However, to
study more complex problems and the effect of vascular adaptation, e.g. local reduced
stiffness  or  complex  boundary  value  problems,  a  3D  approach  is  required.  Implementing  a
mathematical framework into FE environment creates a platform well suited to study these
problems.

In this thesis, the filament-sliding model is used to describe the contractile behavior of the
smooth muscle. Specifically, vascular adaptation is included into the model by editing the
serial elasticity. The model was implemented into ABAQUS, and an artery with locally
reduced stiffness was simulated as an application of the model.
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Chapter 2

In vitro experiments on vascular adaptation
All experiments were carried out at Karolinska Institutet, Stockholm at the Department of
Physiology and Pharmacology, on 10-14 weeks old mice (C57BL/6). The protocol for the
experiments including methods for obtaining the vessel dimensions, and analyzing the
experimental data are described in this section.

2.1 Protocol for the in vitro experiments

2.1.1 Dissection and mounting
The descending thoracic aorta was excised and put into cold Krebs-Ringer bicarbonate buffer
solution of the following composition (in mM): NaCl 123, KCl 4.7, MgCl2 1.2, KH2PO4 1.2,
CaCl2 2.5, NaHCO3 20 and glucose 5.5. The aorta was dissected from the surrounding tissue,
and ring samples located distal to the left subclavian artery were cut out. The samples had a
segment length,		 	≈ 	0.5	mm, see Figure 6 for definition of segment length.

Figure 6: A sketch over an arterial ring sample showing the segment length (Lsegment) and the wall thickness (twall).

The ring samples were then mounted on to a wire-myograph (Multiwire myograph system-
620  M,  Danish  Myo  Technology  A/S)  where  two  pins  were  put  through  the  lumen  of  the
sample, one connected to a micrometer and the other to a force transducer. An example of a
mounted arterial ring can be seen in Figure 7.

Lsegment
twall
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Figure  7:  An  arterial  ring  mounted  on  a  wire-myograph,  two  pins  are  put  through  the  lumen  of  the  sample,  one
connected to a micrometer and the other to a force transducer [19]. The sample is marked by a red circle.

The wire-myograph setup consisted of; myograph, data recorder, vacuum pump and gas. A
sketch over the setup can be seen in Figure 8. The myograph had four baths where each
contained  an  arterial  ring.  During  the  test  one  bath  contained  a  volume of  5  ml  solution.  In
every bath the arterial ring was mounted around two pins where one was connected to a
micrometer and one to a force transducer. The myograph was connected to a data recorder
and a computer for the data to be recorded and analyzed. The baths were also connected to
gas so the baths could be bubbled, and to a vacuum pump, to wash out the solution from the
baths. A bath during testing can be seen in Figure 9.

Figure 8: A sketch over the wire-myograph setup, with four baths (1-4).
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Figure 9: One of the baths during testing.

2.1.2 Precondition and test of contractile ability
Krebs-Ringer solution was used in the bath and kept at 37 °C, bubbled with 95% O2 and 5%
CO2,  to maintain a pH of 7.4.  The ring samples were stretched approximately 20 % of their
resting length and pre-conditioned for 20 minutes. To confirm that the contractile ability in
the arterial smooth muscle was intact two contractions were induced, using high KCl, before
the actual protocol started. The muscles were contracted and after 5 min the bath was washed
out and new Krebs-Ringer solution was added, and the muscles relaxed. If  a sample did not
show any contractile behavior, it was excluded from the test.

2.1.3 First length-tension
The first length-tension experiment was performed in order to find the optimal length of the
sample  before  adaptation.  The  optimal  length  of  a  sample  refers  to  the  length  where  the
muscles produce the highest amount of active force (see Figure 4).

In the length-tension experiment the length was increased in steps of 0.1 mm, where one
isometric contraction was made on each step. The recording from one step can be seen in
Figure 10. First the arterial ring was stretched to a certain length (a), then relaxed for three
minutes  on  the  new  length,  after  three  minutes  high  KCl  solution  was  added  to  the  bath  to
contract the muscles (b), and after 5 minutes the active force was recorded. The bath was
washed out (c) and new Krebs-Ringer solution was added and the sample relaxed for three
minutes, then the length was increased to a new step (d). The steps (a), (b), and (c) were
repeated until the optimal length had been found. The data was recorded using the software
LabChart.
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Figure 10: Recording from one step in the experiment: at point a) the length was increased, after 3 min the passive
force  was  recorded.  At  point  b)  the  high  KCl  activation  solution  was  added  and  the  muscles  contract.  The  muscles
contract  for  5  min  and  the  active  force  was  recorded.  The  activation  solution  was  washed  out,  at  point  c)  and  new
Krebs-Ringer solution was added. After three minutes the passive force was recorded, and at point d) the length was
increased to a new length step.

2.1.4 Adaptation
Following the protocol, the samples were kept at a certain length to adapt. The stretch at
adaptation was either the optimal length,  or a length below the optimal length.  The samples
were adapted during two different conditions:

· Contracted by receptor activation, using Phenylephrine (PE)
· Contracted by membrane depolarization, using high KCl

After three hours the baths were washed out three times with Krebs-Ringer solution to ensure
full relaxation.

  3 min               5 min   3 min
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2.1.5 Second length-tension
After the adaptation, a second length-tension experiment was performed (identically to
Section 2.1.3), until the optimal length was found i.e. where most active force was generated.
A timeline over the experiment can be seen in

Figure  11.  When  the  test  had  been  completed  the  samples  were  dismounted  from  the
myograph and the segment length of each sample was measured using a light microscope.

Figure 11: Recording from the experiment showing; First length-tension, adaptation, and second length-tension. The
adaptation starts at point A, where PE or KCl is added, and ends at point B where the PE or KCl is washed out.

A B
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2.1.6 Defining reference circumference
The reference circumference of the arterial ring is needed to compute the stretch. In order to
obtain the circumference of the arterial rings the distance between the pins in the myograph
was used. When the tissue was relaxed, the pins of the myograph were put together until they
were in contact. This length is referred to as Lpintouch. Then the length was increased until the
pins touched the inside of the sample denoted by Lwalltouch, see Figure 12. Larc is the part of the
pin that is in contact with the sample, approximated to be half the pin;

� 

Larc = rpinp .

The circumference, LC , of the ring sample was obtained by,

int2 2 4 2C walltouch p ouch pin arcL L L r L= - + +  , (1)

where rpin is the radius of the pins.

Figure 12: A sketch showing the different lengths used to calculate the circumference. The arterial ring sample (bold
line) is mounted around the pins. When the pins are put together the pins are marked with dashed lines and when the
sample touches the pins they are marked with full lines.

In order to find the load-free, reference circumference, of the samples, curve fitting of the
passive data was used. The following exponential function was used to fit the passive data,

1 2 4 3exp[ ]cPT d d L d d= + + , (2)

where PT refers to passive tension, and d1, d2, d3 and d4 are constants to be fitted. To
determine the reference circumference, Lref, the circumference was taken when the passive
tension obtained from equation (2) was zero. The data was fitted in MATLAB, using the
least-square method.
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2.1.7 Define wall thickness through immunohistochemistry (IHC)
The wall thickness of the samples is needed to be able to compute the wall stress. To define
the total wall thickness and the medial thickness of the descending thoracic aorta,
immunohistochemistry (IHC) was carried out. After dissection, a sample was fixed in 4%
paraformaldehyde (PFA). After fixation the PFA was removed. The samples were embedded
in cutting medium in -80° C using liquid nitrogen. The frozen samples were then sectioned at
5 mm and put on object glass. The samples were then washed in a PBS-T solution (Phosphate
buffered saline, and 0.1% Triton X-100), to permeabilize the membrane. The unspecific
binding  sites  were  blocked  with  5.5%  goat  serum  for  one  hour.  Then  the  samples  were
incubated in the	 -actin antibody overnight. The arterial rings were viewed with a confocal
microscope (M510, Carl Zeiss) and the total wall thickness and the thickness of the media
could be measured. Parts of the samples where damaged during sectioning. The wall thickness
was measured on the parts of the samples that were undamaged, e.g. where both the adventitia
and media were visible, see Figure 13.

Figure 13: Microscopic pictures of a cross section of the aorta obtained from a sample before the experiment. The
pictures shows; full arterial ring by microscopy with contrast (A), full ring by intrinsic fluorescence (B), and analysis
of a zoomed in part of the arterial ring by confocal microscopy where the smooth muscle cells are shown in red (C).
The wall thickness was measured in the undamaged areas, the areas are marked by a black rectangle in (A) and (B).

2.1.8 Analyzing data from in vitro experiments
The experimental results where expressed in terms of stress and stretch using the reference
length  and  the  wall  thickness  described  above.  To  fit  the  data  for  passive  stress, Pp, the
following equation was used,

, (3)

where µp, C 1 and C2 are fitted parameters and λ denotes the stretch. The data on active
response was fitted to a Gaussian function to get the active stress, Pa,

, (4)

2 2 2
1 22

1( ) 2 exp[ ( 1) ]( 1)p pP C Cm l l l l
l

= - + - -

2

2

( )exp
2a

bP a
c

lé ù-
= -ê ú

ë û

A B C
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where a, b and c are fitted parameters. All the calculations were made for the data obtained in
the first and second length-tension experiment for each sample. The data was fitted by the
least-square method using the software MATLAB.
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2.2 Results from the in vitro experiments

2.2.1 Vessel dimensions
The reference circumference was determined before and after adaptation for each sample.
Figure 13 (A) presents the passive tension for one sample, fitted to equation (3). The reference
circumference was taken as the length where the passive tension is zero.

Figure 14: Tension as a function of current circumference for passive (A) and active (B) tension for one sample.
Control (solid line) refers to the response obtained before adaptation. Adaptation low (dashed line) shows the
response after the sample has been adapted of low stretch activated with PE.

The circumference for which most active force was generated was determined by fitting the
active data to a Gaussian function, using equation (4), see Figure 14 (B). The mean values
over reference circumference and optimal circumference for all samples are presented in
Table 1. The data summarized in Table 1 corresponds to similar work [20].

To obtain the wall thickness of the vessels IHC was used. The results are summarized in
Table 1.

Table 1: Reference circumference (Lref) and optimal circumference (Lopt)  before  and  after  adaptation.  The  wall-
thickness (ttot) and media thickness (tmedia), the wall thickness for adapted samples were not measured. Control refers
to the data from the length-tension before adaptation. Adaptation low respective optimal refers to the data from
length-tension after adaptation at low respective optimal stretch. The values are the mean values from all  samples ±
the standard error of mean.

LRef (mm) LOpt (mm) ttot (µm) tmedia (µm)

Control (n=16) 2.043 ± 0.034 3.158 ± 0.047 96 ± 0.12 43 ± 0.14

Adaptation Optimal (n=8) 2.121 ± 0.031 3.149 ± 0.096 -- --

Adaptation Low (n=8) 2.124 ± .052 3.184 ± 0.056 -- --

BA



24

2.2.2 Experimental data from adaptation experiments
The passive data was fitted to equation (3) and the active data to equation (4). Stretch-stress
response from one sample is presented in Figure 15.

Figure  15:  Stress  vs.  stretch  for  passive  and  active  response  from  one  sample.  Control  (solid  line)  refers  to  the
response obtained before adaptation. Adaptation low (dashed line) show the response after the sample has been
adapted on low stretch activated with PE.

Table 2 shows the mean values from the parameter identification. The parameters were
identified; before adaptation (control n=16),  after adaptation at  low stretch (adaptation low
n=8), and after adaptation at optimal stretch (adaptation optimal n=8).

Table 2: Mean values and standard error of mean (±) for parameters obtained from parameter identification.
Experimental active and passive data was fitted to equation (3) and (4), respectively. For Control (n=16), Adaptation
optimal (n=8) and Adaptation low (n=8).

µp (mN/mm2) C1 (mN/mm2) C2 (-) a (mN/mm2) b (-) c (-)

Control 14.64 ± 1.47 11.70 ± 0.64 0.008 ± 0.008 34.28 ± 0.45 1.58 ± 0.02 0.38 ± 0.02

Adaptation Optimal 12.93 ± 4.58 12.23 ± 1.28 0.053 ± 0.049 32.45 ± 0.76 1.52 ± 0.04 0.38 ± 0.03

Adaptation Low 14.32 ± 2.81 11.85 ± 0.81 0.016 ± 0.010 27.20 ± 0.62 1.54  ± 0.05 0.43 ± 0.02

In Figure 16 the values from Table 2 are used to plot the active and passive response.

A B
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Figure 16: Functions of stress and stretch using the values from Table 2, and equation (3) for the passive response (A)
and equation (4) for the active response (B).

The  results  show  that  the  passive  behavior  does  not  differ  significantly  in  the  region  of
interest. However, the change in the active behavior when the samples adapted at optimal
stretch only shows a small decrease, whereas the sampled adapted at low stretch shows a
larger decrease in maximal active stress.

2.2.3 Analyzing passive and active stress
The mean values for active stress (A) and passive stress (B) at optimal stretch can be seen in
Figure 17. Groups include: before adaptation (control n=20), after adaptation at low stretch
activated with PE (PE: Adaptation low n=8), after adaptation at optimal stretch activated
with  PE  (PE: Adaptation optimal n=8), and after adaptation at low stretch activated with
KCl  (KCl: Adaptation low n=4). A 20% decrease in maximal active stress is observed for
the group adapted at low stretch, activated with PE.

Figure 17: Showing the active stress (A) and passive stress (B) at the optimal stretch: before adaptation (Control
n=20), after adaptation at low stretch activated with PE (PE: Adaptation low n=8), after adaptation at optimal stretch
activated  with  PE  (PE:  Adaptation  optimal  n=8),  and  after  adaptation  at  low  stretch  activated  with  KCl  (KCl:
Adaptation low n=4).

A B

A B
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Figure 18 shows the maximum normalized active stress after adaptation, as a function of the
adaptation stretch of each sample. An exponential fitting of the data was made in Microsoft
Excel. Adapted at a low stretch, the samples maximal active stress decreases around 20%.
Samples adapted around the optimal stretch could still generate the same maximal active
stress. The results from the experiments correspond to previously obtained results by Murtada
et al. (in progress).

Figure 18: The graph shows the maximum normalized active stress after adaptation, as a function of the adaptation
stretch for each sample. An exponential fitting was made in Microsoft Excel. The presented data is from the samples
activated with PE, and adapted at low or optimal stretches.
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Chapter 3

Framework for numerical modeling of vascular adaptation
The data collected from the in vitro experiments was used to create a framework for
mathematical modeling of vascular adaptation in active tone. The steps in the process were;
adjust the constitutive model, fit the model to the experimental data, implement the model
into ABAQUS, and finally verify the implementation in a simple FEM simulation. The
different steps in the process are described in this chapter.

3.1 Constitutive models
To model vascular adaptation three models are used in this project; one for the active smooth
muscle, one for the vascular adaptation, and one for the passive components. The three
models are described below.

3.1.1 Smooth muscle model
The model used for the contractile smooth muscle was proposed by Murtada et al. (2012). In
the following section a brief summary of the model is  presented. The model consists of one
chemical part and one mechanical part. The chemical part describes the kinetics of myosin
phosphorylation and load-bearing cross-bridges, which is activated by an increase of
intracellular calcium. In this project the chemical part was kept constant and focus was on the
mechanical part. In the model the myosin and actin filaments are arranged in the contractile
unit (CU). The actin filaments are organized on each side of the myosin filament, see Figure
19. The cross-bridges on the myosin filament can attach to binding sites on the actin filament,
located a distance δ apart.

Figure 19: Sketch of a half contractile unit used in the model obtained from [18]. Where LCU is the length in the
reference configuration, lCU is the length in the current configuration, ufs is the filament sliding and ue is the average
elongation of the cross-bridges.

In Figure 19 the CU and the length change due to the relative filament sliding is illustrated
from the reference to the current configuration. The change in length from the reference
length, LCU, to the length in the current configuration, lCU, is caused by the myosin power-
stroke and/or by external deformation. The filament sliding is denoted by ufs and the average
elastic elongation of the attached cross bridges is denoted by ue. The stretch (λ) of a CU can
be described as,
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. (5)

Further details of the model and the derivation of the equations can be found in [3] and [18].
The average first Piola-Kirchhoff stress generated in the model, Pa, is referred to as active
stress and is described in the model as,

= ( ) ( + )  , (6)

where µa is a physical material parameter, and a function of the adaptation parameter q that
will be described in the next section. The relative filament sliding in a contractile unit is
described as: = / . The average elastic elongation can be calculated as,

= − − 1 . (7)

Further, the relative actin and myosin filament overlap function can be calculated as,

, (8)

where  is the filament sliding for which optimal filament overlap is reached, and ̅  is the
initial filament overlap. The filament sliding can be described as,

, (9)

where  is the filament sliding related to the active cross bridges and  is the
filament sliding due to external loading or deformation. The evolution law for the rate of
active cross bridge filament sliding is determined as,

̇ = , (10)

where α and β parameters fitted to experimental data, Pa - PC is the difference between the
measurable external active stress and the internal stress PC. The internal stress depends on if
the muscles are contracted or relaxed, for further details see [3] and [18]. Equation (10) was
solved numerically using an Euler backward approach with Newton-Raphson iteration.

Finally, the active strain energy function, , can be obtained as,

. (11)
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3.1.2 Model of vascular adaptation of active tone
To capture the vascular adaptation of active tone a new phenomenological model proposed by
Murtada et al. (in progress) was used, where a parameter was added to the smooth muscle
model. Parameter q was related to the active stress, equation (6), through parameter µa. The
parameter was scaled with q as,

= ∙ ̅ . (12)

The adaptation parameter q describes the relationship between adaptation and stretch and is
described through two logistic differential equations accordingly,

  , (13)

and

 , (14)

where  and  are parameters fitted for the model, and 	 = 1/ exp ∙ λ . The
adaptation is also a function of activation and related to the adaptation parameter through,

 , (15)

 , (16)

where [Ag] is the concentration of the agonist used in the activation, C[Ag] was the same as
EAg50, the half activation-constant for the agonist, and parameter τ[Ag] obtained from previous
work. Equation (14) and equation (16) were solved numerically using an Euler backward
method with Newton-Raphson iteration.
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3.1.3 Model of passive tissue

The strain energy function of the passive part of the artery; Yp consist of an isotropic Yiso and
an anisotropic part Yaniso. The isotropic part is modeled through a classic neo-Hookean model
and represents the elastin matrix. The anisotropic parts represent families of collagen fibers
and an exponential function is used to capture the stiffening behavior of the fibers. The strain
energy function for the passive material are obtained from,

Ψ = Ψ + 	Ψ = ( − 3) +
	

[exp[ ( − 1) ] − 1]	, (17)

where and C1 are material parameters related to stress, and C2 is a dimensionless material
parameter. The first and the fourth invariant are the invariants of the Cauchy-Green tensor C
and the unit vector M, representing the direction of the fibers. Where = ( ) , and

= ∙ = , where  refers to stretch. The first Piola-Kirchhoff stress, Pp of the
passive material can be derived as,

= = − + 2 exp	[ ( − 1) ]( − 1). (18)

The total strain energy function of the media are then obtained from equation (11) and (17) as,

 . (19)

The strain energy for the adventitia is obtained from equation (17) as,

. (20)

mp

Ymed = Ya + Yp

Yadv = Yp
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3.2 Fitting material parameters
The constitutive models were fitted to data obtained from the experiments. To fit material
parameters, and make modifications in the model a 1D solution was created in MATLAB.

3.2.1 Smooth muscle model
Since no chemical data of intracellular calcium transient where obtained from the experiment,
the chemical parameters in the active smooth muscle model model were taken from previous
work, for more information see [18]. The parameters can be seen in Table 3.

Table 3: The chemical parameters.

η (min-1) h ED50 (µM) k1 (-) k2 (min-1) k3 (min-1) k4 (min-1) k7 (min-1)
21.55 4 0.37 0.1182 9.76 4 0.05 0.002

In the mechanical part of the smooth muscle model, material parameters were determined
using experimental data from the control group in the active length-tension experiment. From
the data some parameters could be determined; optimal stretch: = 1.58, passive stress at

= 1: P0= 10.9 kPa ,	and passive stress at = : Popt= 34.3 kPa. The elastic elongation of
the cross-bridges at optimal muscle length was obtained from [3, 18] and set to	 = 0.02.
Hence, the filament sliding at optimal muscle length, could be calculated. The initial
filament overlap, ̅ , could also be calculated from the load-free configuration. The parameter
µa was estimated by equation (7) at optimal muscle length.

The parameters κAmp, α and β were fitted to experimental data using the least-square method
from one contraction at optimal stretch, see Figure 20.

Figure 20: Active isometric contraction at optimal length, showing the experimental data (o) and model (solid line).
The figure shows the active stress as a function of time.
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The values of the material parameters for the mechanical part of the model and the filament
overlap function are summarized in Table 4.

Table 4: Parameters for the mechanical model and for the overlap function.

µa (MPa) α (kPa) β (min-1) κAMp (kPa)  (-) x0 (-) (-)

5.14 18.5 0.006 254 0.56 0.13 0.02

3.2.2 Adaptation model
The adaptation model was fitted to experimental data obtained from the in vitro experiments
on vascular adaptation. The values of the parameters used in the equations can be seen in
Table 5.

Table 5: Parameters used in the equations for adaptation.

a2 (-)	 τλ (s)	 τ [Ag] (s)	 EAG50 (M)	
1.06 7200 720 1e-6

A length-tension protocol was simulated with the model before, and after three hours of
adaptation to compare with the experimental data from one sample, the results can be seen in
Figure 21.

Figure 21: The model (solid lines) compared with experimental data (o) from one sample. Active length-tension response
before (blue line), and after adaptation (red line) for three hours at = . .



33

The model  by  Murtada  et.al  (in  progress)  also  includes  adaptation  at  stretch  higher  then  the
optimal stretch, where an increase in active tone is seen. However, no experimental data were
obtained on this from the experiments in this project. Nevertheless the full model will be used
and the exponential function can be seen in Figure 22.

3.2.3 Passive model
The parameters for the passive material were obtained by fitting the experimental data from
the control group, the result can be seen in Table 6.

Table 6: The passive material parameters.

µp (kPa) C1 (kPa) C2 (-)
14.6 11.7 0.008
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Figure 22: Normalized active stress after adaptation as a function of adaptation stretch. The exponential model is
marked by a solid line, and the data by squares.
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3.3 Implementation into ABAQUS
The material model for the smooth muscle contraction, including vascular adaptation, was
implemented into an ABAQUS user subroutine, used previously by Murtada et al. (2012).
The code was formulated using FORTRAN. The material was modeled as incompressible,
and  the  8-node  solid  hybrid  brick  element  C3D8H  was  used.  All  simulations  were  solved
quasi-statically using a fixed time step.

3.3.1 Validation of ABAQUS implementation
A simple model of a strip was created in ABAQUS to implement the new model. One eight of
a strip representing the media layer was created and modeled with symmetric boundary
conditions.  To  be  able  to  compare  the  results  from the  model  to  the  experimental  data  from
the length tension experiments the following steps was conducted:

i. First the strip was passively stretched to λ= λopt, and contracted isometrically.
ii. Secondly the strip was relaxed and stretched to λ=1.1 and contracted for 3 hours of

adaptation.
iii. After the adaptation the strip was relaxed and then stretched to λ=  λopt, and then

contracted isometrically.

One isometric contraction is shown in Figure 23 where the generated active stress can be seen
on the deformed strip.

Figure 23: Illustrates the deformed strip during isometric contraction at different time steps. The color bar shows the
active stress generated in kPa.  At a) the strip is undeformed, at b) the strip has been stretched to λopt,  and at c)  the
strip is isometrically contracted.

The maximal active stress during the contractions at optimal length could be compared
before, and after the adaptation. The result could also be compared with experimental data
from the in vitro experiment. To validate the implementation in ABAQUS, the results for the
middle node in the strip could be compared with the results from the same 1D numerical
solution in MATLAB. The comparison can be seen in Figure 24.

a) b) c)
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Figure 24: The figure shows the first Piola Kirchhoff active stress vs. time for the 1D MATLAB solutions (blue lines)
and the 3D solutions from ABAQUS (red lines). The strip was stretched passively to, λ= λopt and contracted before
(dashed lines) and after (full lines) adaptation at low stretch for 3 hours.

It can be concluded that the adaptation model follows the experimental data from the length
tension experiments. When the strip has adapted for three hours at low stretch the active stress
generated at optimal length decreases by 20%. Also, results from ABAQUS match with the
1D solution from MATLAB.
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Chapter 4

Studying vascular adaptation in an artery using a FEM
approach
Through the implemented material model, a complex boundary value problem could be
simulated in ABAQUS. One example is presented in the following chapter, including the
method, and the results.

4.1 Method
Half a cylinder was modeled to represent a full artery. The cylinder was created with
dimensions obtained from the experiments. Two layers of the arterial wall were modeled,
representing the media and adventitia. The passive stiffness parameters in the adventitia were
doubled to increase the stiffness.

In one simulation the material stiffness was reduced by 30% in the media layer (in one fourth
of the vessel length, and in on fourth of the circumference), see Figure 25. The stiffness was
reduced in the parameter that control the fiber stiffness (parameter C1 from Table 6).

Figure 25: Model of half the artery. The adventitia is shown in green, the normal media in white, and the media with
reduced stiffness in red.
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For the smooth muscle model including adaptation the modified subroutine was used. The
collagen fibers in the media were oriented in circumferential direction, with one fiber family.
In the adventitial layer the anisotropic hyperelastic Holzapfel-Gasser-Ogden form was used
[21]. Two fiber families were in this case oriented in ±45° from the axial direction.

The vessel model was constrained at the outer end. At the other end symmetry in the axial
direction was applied. The following steps were performed during the analysis:

i. The artery was stretched in axial direction to λ=1.4
ii. A  pressure  of  85  mmHg  was  applied  on  the  inner  surface  of  the  artery  ramping

linearly, and then kept constant.
iii. The active smooth muscle model was activated
iv. The adaptation model was activated.
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4.2 Analyzing the effects of vascular adaptation by FEM
The model of smooth muscle contraction and adaptation of active tone was implemented into
ABAQUS for the purpose of studying the vascular adaptation in a more complex problem. To
show the potential of the model and analyze complex problems the example with locally
reduced stiffness in the media was simulated. The results from these simulations are presented
in this section.

Three different models were used for the material; the passive, the active smooth muscle
model, and the smooth muscle model including adaptation. The artery was first passively
stretched to λ=1.4 and then inflated at  a pressure of 85 mmHg, after this the smooth muscle
model and the adaptation model was activated. To analyze the effects of the model one
simulation with locally reduced stiffness in the media was made, the results was compared to
one normal artery. The different simulation steps from the case with reduced passive stiffness
in the media are viewed in Figure 26. These images show the circumferential stress.

Figure 26: The circumferential stress is shown in the color bar in [Pa].  The different steps in the simulations are: a)
undeformed configuration, b) stretched axially to λ=1.4, c) inflated at 85 mmHg, and d) contracted with the active
smooth muscle model.

The deformation in the vessel model was high in the section with reduced medial stiffness.
When the smooth muscle model is activated, the active contraction will be high in the areas
with high deformation. The stress and deformation will be reduced locally by the high
contraction, see Figure 26.

a) b)

c) d)
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Figure 27: Cauchy stress in circumferential direction as a function of time. The results for the passive model (green
lines), active smooth muscle model (blue line), and active smooth muscle model including adaptation (red line) are
shown for the simulation with locally reduced medial stiffness (solid lines), and the control (dashed lines).

The effect of adaptation can be seen in Figure 27, where the Cauchy stress in circumferential
direction is shown. For the normal vessel, the result reflects one node at the axial symmetry
plane, i.e. in the middle and closest to the lumen. In the vessel with reduced stiffness, the
result reflects one node in the symmetry plane and in the middle of the weakest section, i.e.
where the highest deformation occurs. In the normal vessel model, seen by dashed lines in the
figure, the difference between the model with adaptation and without (active) is smaller then
in the vessel model with reduced medial stiffness. This enhances in Figure 28, where the
circumferential stress is seen after 100 minutes. The vascular adaptation seems to be
stabilizing on the deformations, such that the circumferential stress continues to decrease
towards the stress-levels of the normal artery.

Figure 28: Cauchy stress in circumferential direction after 100 minutes. For the normal artery (control), and the
artery with reduced stiffness. Showing the active smooth muscle model (blue bars) and the model that includes
adaptation (red bars).
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The simulation was only conducted for 100 minutes. In contrast, in the in vitro experiments
the arterial ring were adapted for 180 minutes, which explain the relatively small change in
the circumferential Cauchy stress seen in Figure 28. The adaptation seems to have a
stabilizing effect for the section with reduced stiffness where the stress in circumferential
direction continues to decrease towards the stress-values for the artery without reduced
stiffness.

No residual stress was included in the model, including a closing angle that contributes with
residual stress, could make the simulation more accurate. However, the stress values through
the thickness show reasonable values, the applied pressure in the model is relatively low
(normal pressure is around 100 mmHg).
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Chapter 5

Summary and conclusion
The objective of this project was study the phenomenon of active tone adaptation in large
elastic arteries using finite element modeling (FEM). By conducting in vitro experiments on
mice descending thoracic aorta, a constitutive framework was developed and implemented in
a FEM software (ABAQUS).

The in vitro length-tension experiments were conducted in a myograph on mice descending
thoracic aorta. From the first length-tension experiments, the passive and active contractile
response was obtained for the tissue. The experiments included a three-hour adaptation where
the samples were contracted using an agonist at optimal stretch, or at a stretch lower than the
optimal stretch. After the adaptation the second length-tension response was analyzed, and the
response could be compared to the response before adaptation. A 20% decrease in active tone
could be seen in samples adapted at low stretch, whereas the samples adapted with the same
activation but at optimal stretch kept their active tone. The results show that vascular
adaptation of the active contractile properties can be induced by stretch and activation by
agonist. These results correspond to previously obtained results (Murtada et al., in progress).
Some limitations of the experiments should be noted. The ring-tests in a myograph are
uniaxial, i.e. the contraction and adaptation could only be measured in the circumferential
direction. No consideration to any possible adaptation in the axial direction could be made.
By carrying out experiments in a pressure myograph a more informative biaxial data set could
be collected.

As a next step, the data from the experiment was used to fit a mathematical model. The new
model from Murtada et al. (in progress) includes the vascular adaptation. The model captures
the behavior observed in the experiments, and was implemented in ABAQUS. The model
showed that the active tone decreases when adapted below the optimal stretch, and also that
the active tone increases at a stretch below the optimal.

Moreover, to demonstrate the capabilities of the implementation of the model in a FEM
software an additional simulation was made. A thick-walled 3D artery was modeled and a
local reduction of the passive stiffness in the media was induced. As a result, the passive
deformation was larger in this section, and inhomogeneous vascular adaptation could be
studied. The vascular adaptation seems to have a stabilizing effect on the deformations, such
that the circumferential stress continues to decrease towards the stress-levels of the normal
artery.

By implementing the model in a FEM software, a platform for solving more complex
boundary value problems has been created, and more challenging boundary conditions can be
studied. For example, it would be interesting to simulate a local increase of wall stiffness, or
to analyze how the model acts on complex geometries. A plausible next step in a continuation
of this study could be a coupling of the adaptation of smooth muscle to passive adaptation in
the vascular wall. The model could also be included in simulations of vascular diseases, for
example, aortic aneurysm. Accordingly, complex experimental procedures can be felicitously
modeled using FEM.
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