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ABSTRACT 

RESEARCH ON EXPERIMENTAL STUDY OF PRESSURE-INDUCED DAMAGE 

OF PULMONARY ARTERY FOR PULMONARY HYPERTENSION 

By 

Yuheng Wang 

Pulmonary hypertension (PH) is associated with elevated pulmonary arterial pressure. PH 

prognosis remains poor with 15% mortality rate within 1 year even with modern clinical 

managements. Previous clini cal studies proposed the wall shear stress (WSS) to be an important 

hemodynamic factor for affecting cell mechanotransduction and growth and remodeling in the 

disease progress. However, a typical range of WSS in vivo is at most 2.5 Pa and a doubt has 

been casted whether WSS alone can influence the disease progress. Furthermore, our current 

understanding of PH pathology has largely been obtained through small animals and there has 

been seldom reports of caliber enlargement in the PH animal models. Therefore, a large-animal 

experiment on pulmonary arteries (PAs) is needed for validating whether an increased pressure 

can induce an enlargement of pulmonary caliber. In this study, we use an inflation testing device 

to characterize the mechanical behavior, both nonlinear elastic behavior and irreversible damage 

of porcine arteries. The parameters of elastic behavior are estimated from the inflation test at a 

low-pressure range first and then are compared with those from a high-pressure range, which 

tests if those behavior are significantly different. At the end of mechanical tests, histological 

images are qualitatively examined for medial and adventitial layers. This study, therefore, sheds 

light on the relevance of pressure-induced damage mechanism in human PH
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CHAPTER 1: Introduction and literature review 

1.1 Overview  

Pulmonary hypertension (PH) is a type of high blood pressure that affects the right ventricle and 

the arteries in the lungs. PH can develop without a known cause (primary pulmonary hypertension) 

or as a result of other diseases (secondary pulmonary hypertension). Secondary pulmonary 

hypertension is often associated with collagen vascular disease, chronic thromboembolism, human 

immunodeficiency virus, and other diseases. Prognosis is severe in PH and when untreated it is a 

potentially fatal disease that rapidly leads to disability and premature mortality (Stepnowska, 

Lewicka, Dąbrowska-Kugacka, Miękus, & Raczak, 2017). Since 1999, the number of deaths and 

hospitalizations as well as death rates and hospitalization rates for PH have increased. Despite 

improvements in the diagnosis and management of PH over the past 2 decades, with the 

introduction of targeted medical therapies leading to improved survival, the disease continues to 

have a poor long-term prognosis (Mehari, Valle, & Gillum, 2014). Further, the reversibility of PH 

is dependent on the relative contribution of vasoconstriction (reversible) and structural changes in 

the pulmonary vessels (mostly irreversible) (Rounds & Hill, 1984). Furthermore, when patients 

have symptoms or signs of PH, the disease is usually at an advanced stage, at which the pulmonary 

vasculature already shows remodeling in terms of the wall microstructure. Therefore, it is vital to 

determine the bio-chemo-mechanical processes involved with the initiation and progression of 

microstructural remodeling associated with PH, in order to prevent irreversible outcomes. 

Furthermore, a better understanding of the mechanisms that contributes to wall remodeling in PH 

could lead to innovative therapeutic targets. 
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1.2 Arterial mechanics and its role in the progression of cardiovascular 

pathology 

Arteries have, primarily, a mechanical function, which is influenced heavily by the vessels’ 

mechanical characteristics. Furthermore, it has been hypothesized that perturbations of the 

mechanical homeostatic state in arteries could be a driving force of disease progression. For 

example, data suggests that pressure-induced stress concentrations may play an important role in 

the formation and progression of atherosclerotic plaques (Thubrikar & Robicsek, 1995). In 

addition, it is widely accepted that arterial stiffening plays an important role in hypertension 

progression (Mitchell et al., 2010). A large longitudinal study recently established that arterial 

stiffening precedes an increase in systolic blood pressure, while initial blood pressure was not 

independently predictive of subsequent aortic stiffening (Kaess et al., 2012). These studies 

highlighted the importance of understanding the mechanisms underlying the initiation and 

progression of arterial stiffening in relation to hypertension, and of determining the temporal 

relationship between the development of arterial stiffness, high blood pressure, and cardiovascular 

disease (Weisbrod Robert M. et al., 2013). Finally, many researchers suggested that arterial wall 

mechanical dysfunction is one of the crucial mechanisms in the formation of abdominal aortic 

aneurysms (AAA). AAA are associated with atherosclerosis, aging, smoking, and hypertension, 

but the mechanism underlying the development of atherosclerotic aneurysms is not well 

understood (Hammond & Garfinkel, 1969). Previous studies observed that the formation of 

atherosclerotic aneurysm is associated with dramatic changes in the extracellular matrix 

composition and organization of the arterial wall. Collagen concentration has been found to be 

deficient (R. J. Rizzo et al., 1989), unchanged (Dubick, Hunter, Perez-Lizano, Mar, & Geokas, 

1988), or increased (Menashi, Campa, Greenhalgh, & Powell, 1987) in atherosclerotic abdominal 

aortic aneurysms, whereas elastin concentration has been found to be consistently deficient in 
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aneurysms (Campa, Greenhalgh, & Powell, 1987; Dubick et al., 1988; Robert J Rizzo et al., 1989). 

From these studies it appears that an imbalance between synthesis and degradation of arterial 

connective tissue (collagen and elastin) may be responsible for the development of atherosclerotic 

aneurysms.  

Pulmonary hypertension: the biomechanical hypothesis. Several hypotheses have been made to 

explain the mechanisms that lead to arterial mechanical dysfunction that aggravate, or possibly 

trigger, PH. These are complicated by the multifactorial nature of the disease, involving: (1) 

maladaptive pulmonary wall remodeling that leads to media hypertrophy, adventitial thickening 

and neointimal lesions (Botney, 1999); (2) degradation of molecular tissue components linked with 

age-related changes (Akhtar, Sherratt, Cruickshank, & Derby, 2011); and (3) mechanical damage 

mechanism triggered by abnormally large stresses exerted by hemodynamic forces (Zambrano et 

al., 2016, Humphrey & Tellides, 2018). Although the initiating mechanism of PH is still unclear, 

it is commonly accepted that hemodynamic conditions, especially wall shear stress (WSS), 

influence cardiovascular disease by affecting cell mechanotransduction and microstructural 

remodeling. There is increasing evidence, in the systemic vasculature, that low WSS is a promoter 

of increased wall stiffness and atherogenic vascular states, and could be an independent predictor 

of cardiovascular mortality (Cunningham & Gotlieb, 2005). Furthermore, recent studies proposed 

that WSS is the primary mechanical force affecting cell mechanotrasnduction in PH (Bürk et al., 

2012), causing inflammatory response and change in cell expression from contractile to 

proliferative  (Li, Scott, Shandas, Stenmark, & Tan, 2009; Li, Stenmark, Shandas, & Tan, 2009). 

Numerical studies suggested that  a 30% increase in flow rate produces a 9% increase in arterial 

diameter (Valentín A, Cardamone L, Baek S, & Humphrey J.D, 2009), however, it has been 

showed experimentally that the increase in caliber of human pulmonary artery (PA) in PH patients 
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is significantly larger than that. Specifically, people affected by PH present more than 50% larger 

pulmonary artery’s diameters when compared to healthy subjects in young patients (Truong et al., 

2013), and 30 % in adults patients (Edwards, Bull, & Coulden, 1998). Clearly, diameter 

enlargement is one of the most prominent feature of PH and the distribution of WSS was found to 

have substantial influence on both the diameter and the shape of the vessels in the lungs (Vorp, 

Wang, Webster, & Federspiel, 1998), yet it seems improbable that low WSS alone could be 

responsible for the significant increase in arterial caliper in PH. Furthermore, previous studies also 

suggested that changes in the mechanical characteristics of the arterial wall could be involved in 

aggravating PH pathology. For example, Sanz and colleagues  observed that, in exercise-induced 

PH, the pulmonary arteries’ stiffness increase preceded the observation of an increase in both 

pressure and luminal diameter (Sanz et al., 2009). The Authors of that study suggested that an 

interplay between variations of wall stiffness, luminal diameter, and wall shear stress, as opposed 

to one isolated cause, could be at the root of PH progression. In this study, we hypothesize that 

a damage mechanism could also contribute to irreversible diameter enlargement in PH. To 

test this hypothesis, we combined in vitro experiments and theoretical modeling to investigate 

the role of damage in the mechanics of pulmonary artery. 

Damage mechanisms in elastic arteries. Little is known about the response to damage of 

pulmonary arteries, however some studies focused on investigating damage mechanisms in other 

elastic arteries, both theoretically and experimentally. In 1987, one of the first attempts to model 

arterial wall damage at large strains was pursed by Simo (Simo, 1987). The author proposed a 

nonlinear viscoelastic constitutive model, capable of accommodating general anisotropic response 

and relaxation functions. This viscoelastic model successfully predicted the progressive loss of 

stiffness and increasing dissipation with increasing maximum amplitude of strain energy, which is 



 

 

5 

 

in agreement with the so-called Mullin’s effect. Experimentally, Sommer and colleagues (Sommer, 

Regitnig, Költringer, & Holzapfel, 2009) performed quasi-static extension-inflation tests at human 

common carotid arteries to understand the mechanical behavior of a vessel subject to loads beyond 

the  physiological domain. The results if this study showed that the burst pressure of ~60 kPa (~450 

mmHg) may lead to damage or rupture of human carotid media-intima. A similar study, performed 

on human left anterior descending coronary arteries (Gerhard A. Holzapfel, Sommer, Gasser, & 

Regitnig, 2005), identified the “jacket like” behavior of the adventitial layer at higher pressure that 

prevent artery from overstretch and rupture. Finally, several previous experimental and numerical 

studies have demonstrated that central arteries could sustain blood pressure values > 200 mmHg, 

without sustaining damage (Ferrara & Pandolfi, 2008a; Martin, Sun, Pham, & Elefteriades, 2013), 

which is well over the physiologic range (Ferrara & Pandolfi, 2008b). While pulmonary arterial 

pressure is approximately one sixth that of the systemic pressure (Lammers et al., 2012), we do 

not know if the mechanical strength of the pulmonary arterial wall is comparable to other elastic 

arteries.  

There are important aspects of the mechanics of pulmonary arteries, which could be 

contributing to PH initiation and progression, which have yet to be addressed. The goal of this 

dissertation is to investigate the irreversible mechanical damage that occurs in pulmonary arteries 

when subjected to supra-physiological loading conditions. We aim to achieve this goal by 

completing the following objectives 

1)  To characterize experimentally the elastic and inelastic (irreversibly damaged) mechanical 

behavior of pulmonary arteries;  

2)  To identify changes in the arterial wall microstructure associated with damage, using modeling 

and histological analysis.  
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Figure 1. Schematic of the layered microstructure of the arterial wall. (G. A. Holzapfel, Gasser, & Ogden, 2000). 

1.3 Pulmonary artery microstructural organization in healthy and PH 

Arterial wall microstructure. The wall of elastic arteries, including the pulmonary artery, is made 

of three layers. The layers are identified as intima, media and adventitia, form the innermost 

(luminal) to the outermost, see Figure 1. The intimal layer, or tunica intima, consists of a thin 

layer of endothelial cells that are in direct contact with the blood flow. The medial layer, or tunica 

media, is composed of a series of concentric layers of elastic lamina alternated with layers of 

vascular smooth muscle cells (i.e., cells that have the ability of synthetizing proteins and of 

generating force by contracting). The elastic laminae are made of tightly packed elastin fibers and 

microfiblis. The smooth muscle cells and the elastin lamina are connected by radially oriented 
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fibers that allow the cells to sense their mechanical environment. The adventitial layer, or tunica 

adventitia, is composed of a three-dimensional network of connective tissue, mostly collagen type 

I and III, and fibroblasts (i.e., cells that have the ability of synthetizing structural proteins such us 

collagen fibers). The collagen fibers in the adventitia are somewhat organized along two 

preferential directions, which are at an angle (~ 45°) with respect to the vertical axis. This results 

in a three-dimensional spiral-shaped organization of bundles fibers, which can be referred to as 

“fiber families”. The collagen bundle has a coiled structure that will increasingly straighten with 

increased loading. 

Structural function of the wall layers. The intimal layer is thought to not have a considerable 

contribution to the mechanical behavior of elastic arteries. The medial layer gives the artery its 

strength and its elastic behavior, it is significantly engaged in the homeostatic range of loading, 

and it offers resistance to both longitudinal and circumferential loads. These behaviors are due to 

the presence of elastin fibers within the media. The adventitia is mostly engaged at higher values 

of stresses, it is thought to act as a protective sheath against over- pressurization (Bellini, Ferruzzi, 

Roccabianca, Di Martino, & Humphrey, 2014). This behavior is mostly associated with the 

structural recruitment of the embedded wavy collagen bundles, and it is generally though to lead 

to the characteristic anisotropic mechanical behavior of arteries (G. A. Holzapfel et al., 2000). 

Because of this microstructural organization, healthy elastic arteries behave as deformable 

composite structures, showing a highly nonlinear response and a stiffening effect at higher 

pressures. Furthermore, not just the organization of each constituent separately, but the balance of 

different constituents within the wall, has been thought to contribute significantly to the 

mechanical behaviors of healthy arteries (Armentano et al., 1991). However, in diseased arteries, 

this microstructure could be disrupted, leading to the inability of arteries to efficiently perform 
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their mechanical function. Therefore, to understand arterial dysfunction, due to long term 

remodeling of the wall or due to damage mechanisms, it is crucial to investigate and quantify 

changes in the microstructure of each constituent. 

Structural function of extracellular matrix fibers. Collagen and elastin are the major load bearing 

constituents of the arterial wall. Specifically, the collagen fibers network has a stiff non-linear 

behavior, and the elastin fiber network shows a more compliant linear elastic behavior (Roach & 

Burton, 1957). In their seminal paper, Roach and Burton employed constituents’ selective 

digestion to understand the role played by the collagen and elastin fiber network in defining the 

overall arterial behavior by isolating their contribution. Specifically, employing chemical 

degradation of collagen fibers and elastin fibers in iliac arteries followed by mechanical testing, 

they concluded that most of the mechanical behavior of arteries at lower values of pressure is 

ascribed to elastin, while most of the mechanical behavior at high values of pressure is influenced 

by collagen fiber network. Another study by Wagenseil and colleagues (Wagenseil & Mecham, 

2012) reviewed the mechanical properties and contribution of elastic fibers to arterial stiffness, 

using genetically modified mice. First, they recognized that elastin fibers played a crucial role in 

influencing not just the mechanics of the wall but also cell behavior. They observed that elastin 

knockout (Eln-/-) mice die within a few days after birth because of the remarkably increase of cell 

number within the arterial wall, which obstructed the arteries. They also observed significant 

differences in incremental arterial stiffness between elastin knockout and wild type animals, 

despite the differences of aortic diameter at systole are minor in all genotypes, but the change in 

diameter between systole and diastole is approximately three times less in elastin knockout mice. 

Then, mice have been generated that express human elastin in a bacterial artificial chromosome 

(BAC-ELN). These animals are characterized by an increase in elastin amount from 30% to 120% 
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of normal levels. The results of this study suggested that elastin density is inversely proportional 

to arterial stiffness and blood pressure. All these studies taken together explained the mechanical 

role of the most relevant extracellular matrix components in the arterial wall, collagen and elastin. 

Damage modeling in soft tissues typically tends to be phenomenological, which requires the 

related parameters to be adjusted to specific experiments. Here, we propose to employ a 

micromechanically motivated approach to describe vessels before and after damage, to provide 

some physical interpretability of damage mechanism (Schriefl, Schmidt, Balzani, Sommer, & 

Holzapfel, 2015). 

Changes of microstructural organization in PH. Previous pathological studies mainly established 

the relationship between hemodynamic factors and the change in the mechanical properties of 

tissues (Humphrey, Baek, & Niklason, 2007; Sheidaei, Hunley, Raguin, & Baek, 2009; Sho et al., 

2004; Zambrano et al., 2016). Only few studies that relate pressure-induced microstructural change 

to the changes in the mechanics of the arterial wall. Until recent years, Bloksgaard claimed the 

first study that quantitatively relate pressure-induced microstructural changes in resistance arteries 

to the mechanics of their wall. Both modeling and imaging data suggested that the acute pressure-

induced structural changes of human pericardial resistance arteries (hPRA) are small (Bloksgaard 

et al., 2017). In addition, Sanz et al. (Sanz et al., 2009) found that in exercise-induced PH patients, 

the pulmonary artery stiffness increased without significant change of luminal diameter. An 

accurate representation of the effect of damage on each PA’s wall microstructural components is 

important to investigate PH, for the following reasons: 

(1) Different mechanical functions of artery. Arteries is a multi-layered material consists of 

numbers of different constituents. Especially collagen fibers in artery, which is predominantly 

present in the adventitia as a dense network and is believed to have a load-bearing function. 
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The collagen configuration evolves continuously until rupture occurs (Schrauwen et al., 2012). 

Hence the pressure induced change of collagen network maybe monitored in over pressurizing 

procedure; 

(2) Different mechanical response of subject. Current understanding of PH pathology has largely 

been obtained through small animal models in which there has been seldom reports of caliber 

enlargement (Nickel et al., 2015). Furthermore, permanent damage in healthy subject is not 

very common, the vessel wall damage has been reported in in vitro test (Wulandana & 

Robertson, 2005) and pathological conditions. Thus, experiments on pulmonary arteries in 

large animals are need for validation whether pressure alone can induce an enlargement caliber. 

1.4 Pulmonary artery constitutive model 

Constitutive models describing the mechanical properties of elastic arteries have been used to 

predict or investigate changes associated with disease initiation of progression. For example, 

models can predict blood flow and pressure, wall distension, normal and shear stresses, and energy 

requirements in elastic arteries, including the pulmonary vasculature. The choice of an appropriate 

constitutive model, however, is complicated by the complex wall structure of elastic arteries, that 

dictates passive mechanical behaviors of these vessels (Hunter, Lammers, & Shandas, 2011). The 

constitutive models can be categorized into two types: phenomenological and structural models. 

Phenomenological models are mathematical expressions that describe the behavior of vessels 

independently of any particular anatomical or physiological parameters. Delfino et al. (Delfino, 

Stergiopulos, Moore, & Meister, 1997) proposed an isotropic rubber-like strain energy potential 

to describe carotid arteries. This strain energy function Ψ, which is able to model the typical 

stiffening at high pressures, has the form 
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                                                          Ψ =
𝑎

𝑏
{exp⁡[

𝑏

2
(𝐼1̅ − 3)]},                                                    (1) 

where 𝑎 > 0 is a stress-like material parameter, 𝑏 > 0 is a non-dimensional parameter, and the 

first invariant of the modified Cauchy-Green deformation tensor 𝑪̅ is defined as 𝐼1̅ = 𝑡𝑟(𝑪̅).  

 

Figure 2. Contour plot of the convex potential (1) with material parameters 𝑎 = 44.2 kPa and 𝑏 = 16.7 (see (Delfino 

et al., 1997)) 

Another phenomenological strain energy function form have been introduced by 

Humphrey (Humphrey, 1995), and has the form 

𝜓̅ =
1

2
𝑐⁡[exp(𝑄) − 1],                                                     (2) 

where 𝑐 is a material parameter (dimension of a stress) and 𝑄 is given by  

𝑄 = 𝑏1𝐸̅ΘΘ
2 + 𝑏2𝐸̅ZZ

2 + 𝑏3𝐸̅RR
2 + 2𝑏4𝐸̅ΘΘ𝐸̅ZZ + 2𝑏5𝐸̅ZZ𝐸̅RR 

+2𝑏6𝐸̅RR𝐸̅ΘΘ + 𝑏7𝐸̅ΘZ
2 + 𝑏8𝐸̅RZ

2 + 𝑏9𝐸̅RΘ
2 ,                        (3) 
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where 𝑏𝑖,𝑖 = 1,… ,9 are non-dimensional material parameters, while⁡𝐸̅IJ, for 𝐼, 𝐽 = 𝑅, Θ, 𝑍, are the 

components of the modified Green-Lagrange strain tensor referred to cylindrical polar coordinates 

(𝑅, Θ, 𝑍). The modified Green-Lagrange strain tensor 𝐄̅ can be written as  

⁡𝐄̅ =
1

2
(𝐂 − 𝐈),                                                          (4) 

where 𝐈 denotes the second-order identity tensor, and 𝐂 denotes the right Cauchy-Green tensor, 

defined as 

𝐂 =⁡⁡ 𝐅̅T𝐅̅ ,                                                             (5) 

where 𝐅̅ represents the modified deformation gradient, defined to satisfy the relation 𝐅 = (𝐽1/3)𝐅̅ 

(𝐅 represent the deformation gradient in large deformation). Compared to the work of Delfino, this 

strain energy function has no a priori restriction on the material parameters presented by assuming 

the artery is homogenous and incompressible. 

 

 

Figure 3. Contour plots of the potential (3) with (a) material parameters𝑐, 𝑏1, … , 𝑏7 in (Chuong & Fung, 1983), and 

(b) a set of parameters chosen to illustrate non-convexity. 
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Finally, another well-known form of strain energy function for arteries is the one proposed 

by Takamizawa and Hayashi (Takamizawa & Hayashi, 1987) it has the logarithmic form 

𝜓̂̅ = −𝑐⁡ln(1 − 𝜓) ,                                                      (6) 

where 𝑐 is a stress-like material parameter and the function 𝜓 is given in the form  

𝜓 =
1

2
𝑏1𝐸̅ΘΘ

2 +
1

2
𝑏2𝐸̅ZZ

2 + 𝑏4𝐸̅ΘΘ𝐸̅ZZ,                                             (7) 

where 𝑏1, 𝑏2⁡, ⁡𝑏4are non-dimensional material parameters and 𝐸̅ΘΘ, 𝐸̅ZZ are the components of the 

modified Green-Lagrange tensor 𝑬̅ in the circumferential and axial directions, as defined in Eq. 

(4). Due to the logarithmic form, in the particular condition = 1  , the value 𝜓̂̅  is infinite. 

Additionally, 𝜓 > 1 would lead to an undefined function of  𝜓̂̅. Therefore, this type of strain-

energy function is only applicable for a limited range of states of deformation. Due to the strong 

influence of residual stresses, if (4) is used within a (displacement-driven) finite element 

formulation, may lead to numerical difficulties (G. A. Holzapfel et al., 2000). 

The strain energy functions discussed above have the benefit of describing accurately the 

mechanical behavior of arteries. Due to their phenomenological nature, however, these 

descriptions are lacking connection with anatomic and physiologic quantities, significantly 

reducing the opportunity for independent validation of parameters   (Hunter et al., 2011). In the 

last 20 years, however, there has been an effort to incorporate microstructural information in the 

mechanical modeling of arteries. Holzapfel and Gasser first introduced these concepts, inspired by 

the mathematical methods used to describe fiber-reinforce and multi-laminated composites (G. A. 

Holzapfel et al., 2000; Hunter et al., 2011). Briefly, the basic idea is to include histological 

information within the constitutive model so that the material parameters could be connected with 
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microstructural components’ density and organization. For the first time, the Authors introduced 

the idea of modeling the arterial wall as a bilayered structure, where each layer is made of fiber-

reinforced elastic materials with different characteristics. For example, the medial layer, which is 

mostly comprised of elastin, is described by an isotropic material description, while the adventitial 

layer, which is mostly made of collagen fibers, is endowed anisotropic mechanical behaviors. 

Finally, the anisotropic and isotropic parts are summed together using the concepts of the 

traditional mixture theory,  

𝜓̅𝐻𝑜𝑙𝑧 = 𝜓̅𝑖𝑠𝑜 + 𝜓̅𝑎𝑛𝑖𝑠𝑜.                                                        (8) 

Specifically, in (G. A. Holzapfel et al., 2000; Hunter et al., 2011)the isotropic portion is described 

employing a neo-Hooken model  

𝜓̅𝑖𝑠𝑜(𝐼1̅) =
𝑐

2
(𝐼1̅ − 3) ,                                                        (9) 

where 𝑐 > 0 is a stress-like material parameter. While the collagen fibers are described by an 

exponential strain energy function, to represent the stiffening behavior at higher pressure, as 

follows 

𝜓̅𝑖𝑠𝑜(𝐼4̅, 𝐼6̅⁡) =
𝑘1

2𝑘2
∑ {exp⁡[𝑘2(𝐼𝑖̅ − 1)2 − 1}𝑖=4,6                                    (10) 

where 𝑘1 > 0 is a stress-like material parameter and 𝑘2 > 0 is a dimensionless parameter.  Note 

that 𝐼4̅ and 𝐼6̅ are the squares of the stretches in the direction of 𝐀𝟏 and 𝐀𝟐, that characterize the 

direction of two (reference) fiber families. Therefore, the reduced from is given by  

𝜓̅(𝐂, 𝐀𝟏, 𝐀𝟐) = 𝜓̅𝑖𝑠𝑜(𝐼𝑖̅) + 𝜓̅𝑎𝑛𝑖𝑠𝑜(𝐼4̅, 𝐼6̅).                                        (11) 

Based on the strain-energy function proposed by  Holzapfel and Gasser (G. A. Holzapfel 

et al., 2000), this dissertation will focus on determine the constituent-wise indication of the damage 
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of the pulmonary arterial wall. Collagen fiber stiffness parameter and fiber direction will also be 

estimated from the experimental data and histological images. 

1.5 Mechanical test of elastic vessels in vivo and in vitro 

Cyclic inflation test has been employed in several previous studies to identify and investigate the 

biaxial mechanical behavior of elastic and muscular arteries (Saravanan, Baek, Rajagopal, & 

Humphrey, 2006). That is because through inflation test one could investigate physiologically 

meaningful mechanical conditions by preserving the native geometry of the vessel and mimicking 

the in vivo loading conditions during testing (Macrae, Miller, & Doyle, 2016). Comparably, bi-

axial extension test is better able to characterize the anisotropic behavior of an artery, since both 

circumferential and longitudinal directions are loaded simultaneously (Humphrey, 1995; Sacks & 

Sun, 2003). Also, the applied force and the amount of stretch in circumferential and longitudinal 

direction can be controlled, allowing the in vivo state simulation under physiological condition 

(Tian & Chester, 2012). Genetic modification and constituent purification combined with 

extension test is another approach that focus on analyzing the mechanics and microstructure of the 

isolated tissue. In 1998, Lillie and Gosline (Lillie, David, & Gosline, 1998) compared the behavior 

of purified elastin with and without its microfibrils by autoclaving procedures, in order to 

determine the contribution of the microfibrils to the performance of entire elastin meshwork. 

In addition to pressure-diameter and stress-strain relationship obtained via in vitro 

measurements, hemodynamic factors could also be monitored through in vivo measurements. 

Many clinical studies expressed interests on determining the pulse wave velocity and pulse 

pressure associated aortic stiffening due to microstructural changes (Mitchell, 2009). However, 

the current pulse wave velocity estimation is only capable of representing an average global 
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relationship between two remote measurement location due to lacking of the exact arterial 

geometry (Vappou, Luo, & Konofagou, 2010).  
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CHAPTER 2: Mechanical characterization of damage behavior in the 

pulmonary artery 

2.1 Introduction 

We perform an in vitro cyclic inflation tests to characterize the elastic mechanical behavior of 

porcine pulmonary arteries, and the effect of irreversible damage. Specifically, we analyze the 

pressure-diameter relationship before and after an over-pressurization to understand the onset of 

the mechanical damage. Moreover, we use an elastic constitutive model of the arterial wall, which 

consists of two collagen fiber families and an isotropic elastin matrix (Bellini et al., 2014; Gerhard 

A. Holzapfel, Gasser, & Ogden, 2000), to quantitatively compare the mechanical properties control 

and damaged specimens. Finally, the pressure-induced changes in micro-structural configuration 

of the pulmonary arteries are studied using histological images 

2.2 Methods 

2.2.1 Specimen preparation 

Chest cavities (i.e., heart, lungs, trachea, esophagus) are obtained from six adult, male pigs from 

the MEAT laboratory at Michigan State University, and then stored at -20◦C for up to two weeks. 

Prior to testing, samples are defrosted at room temperature for 24 hours, then the PA is separated 

from the right ventricle and from the aorta by removing the connective tissue. We then isolated 

the PA from the lungs, up to the second bifurcation, which allowed us to identify a right and left 

branch. One of the branches was selected for mechanical testing, randomized between left and 

right, while a ring was cut from the other branch for histology. Before mechanical tests, small 

branches are sutured to allow pressurization of the sample, up to obtain a length of ~ 10cm for the 

overall sample. The samples were then stored in Hank’s balanced salt solution (HBSS) in the fridge. 
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Figure 4. Inflation-extension testing device with specimen mounted in between 

2.2.2 Mechanical testing 

Before mounting the samples for pressurization, geometrical characteristics have been 

recorded. Specifically, we recorded each sample’s thickness at 4 different locations, along the 

circumferential direction, and total axial length, employing a Vernier caliper. Mechanical tests 

were carried out in a custom-built inflation-extension testing device, as previously published (Kim 

& Baek, 2011). The system has the capability to apply, simultaneously, axial pre-stretch via a 

linear motor, and luminal pressure via a remote controlled syringe pump. The samples' diameter 

was then recorder throughout the test using a CCD camera (Hitachi KP-M2A), while the pressure 

was measured using a pressure transducer (Honeywell FP2000). The fluid used for pressurization 

was NaCl solution (9%).  

The main branch of the PA specimen was secured to a cannula on one end, to allow 

pressurization, and to a vertically placed support on the other end. The axial pre-stretch was 

adjusted to ~ 10% of the original length. Using a custom LabVIEW program, we subjected each 

sample to the biaxial testing protocols consisting of three parts. After preconditioning, which 

consisted in 5 cycles of pressurization from 0 to 30 mmHg, each vessel was pressurized for three 
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sets of 10 loading – unloading cycles, as follows: first, from 0 to 50 mmHg (part 1); second, from 

0 to 100 mmHg, to induce damage (part 2); and third, for 0 to 50 mmHg (part 3). Figure 5 shows 

the pressure – diameter data over the course of the mechanical test for one representative specimen. 

The protocol also included a 1-minute recovery period between each two successive parts of the 

test. We used the pressure-diameter curves collected during part 1 of the test to identify mechanical 

behavior of the vessels before damage, and the curves collected during part 3 of the test to identify 

the mechanical behavior of the vessels after damage. After testing, we repeated the measure of 

thickness and axial length. 

2.2.3 Histological analysis 

Sections from samples collected before damage (from the untested PA branch) and after 

damage (from the PA tested branch, after completion of the test) were processed for histological 

analysis. Briefly, the samples were fixed in a 10% formalin solution for an hour and then stored at 

room temperature in 30% ethanol before being embedded in paraffin and sectioned. Sectioning 

and staining were carried out by the MSU Histopathology Lab. Histological analysis were focused 

on determining changes in the collagen fiber's and elastin's structure, by comparing samples 

collected before and after damage. To analyze collagen fibers’ integrity, we stained the samples 

using picrosirius red (PSR) and we imaged them with polarized light. Finally, to investigate the 

elastin's structure we employed the Verhoeff-van Gieson (VVG) stain.  

2.2.4 Mechanical model 

The structural properties of the control and damaged PA specimens are characterized using 

a non-linear hyperelastic model to determine the constituent-wise indications of the damage. 

Assuming an incompressible material, the Cauchy stress can be computed as 

𝐓 = −𝑝𝐈 + 2𝐅
𝜕𝑊

𝜕𝐂
𝐅𝑇                                                       (12) 
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where 𝑝 is the Lagrange multiplier enforcing incompressibility, and 𝐅 and 𝐂 are the deformation 

gradient and right Cauchy-Green tensor, respectively. In addition, W is the stored elastic strain 

energy in the material. Histological analyses on the arteries showed that the arterial wall is 

comprised of layers of elastin and collagen fibers. Mechanical response of the elastin content of 

the arterial wall is predominantly isotropic (Gundiah, Ratcliffe, & Pruitt, 2009), and thus is 

modeled as a neo-Hookean material. Alternatively, the contribution of collagen fibers to the 

anisotropic part of the mechanical response is modeled as an exponential function, proposed by 

(Gerhard A. Holzapfel et al., 2000).  

The total strain energy function can be written as a summation of two contributions 

𝑊 =
𝑐1

2
(𝐼1 − 2) + ∑

𝑐1
𝑘

4𝑐2
𝑘 {𝑒𝑥𝑝[𝑐2

𝑘(𝜆𝑘)2 − 1)2] − 1}𝐾=1,2 ,                         (13) 

where the superscript 𝑘 denotes the 𝑘-th fiber family; 𝑐1,𝑐1
𝑘, and 𝑐2

𝑘 are material parameters (in 

this study 𝑐1
1 = 𝑐1

2 = 𝑐1
1,2

 and 𝑐2
1 = 𝑐2

2 = 𝑐2
1,2

); 𝐼1is the first invariant of the right Cauchy-Green 

tensor (i.e. Tr C). Finally, the stretch ratio of the 𝑘 -th fiber family is defined as 𝜆𝑘 =

√𝜆𝜃
2𝑠𝑖𝑛2𝛼𝑘 + 𝜆𝑧2𝑐𝑜𝑠2𝛼𝑘, where 𝛼𝑘 is the angle between each fiber family direction and the axial 

direction (here 𝛼 = 𝛼1 = 𝛼2).  

In this study, we aim to quantify the mechanical changes associated with damage due to supra-

physiological pressure. Therefore, we decided to use the same constitutive form to describe 

samples before and after damage. Best-fit values for the 4 model parameters (𝐶1,𝑐1
1,2

,⁡𝑐2
1,2

,⁡α) 

have been determined separately for each specimen in the before and after damage conditions 

specimen. Specifically,  using a fminsearch function (MATLAB) , we minimized the objective 

function (Baek, Gleason, Rajagopal, & Humphrey, 2007). 
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𝑒 = √
∑(𝑃𝑒𝑠𝑡−𝑃𝑑𝑎𝑡𝑎)

2

∑(𝑃𝑑𝑎𝑡𝑎)
2 + 𝜅(𝜆𝑧 − 𝜆𝑧̅̅̅)⁡

2                                         (14) 

where 𝑃𝑑𝑎𝑡𝑎 and 𝑃𝑒𝑠𝑡 are the measured and computed intramural pressure, respectively. Moreover, 

the axial stretch in the experiments are fixed to be ~10% with respect to the unloaded control 

specimen ( 𝜆𝑧 = 1.1 ). Therefore, this constraint is added to the objective function with a 

Lagrangian multiplier 𝜅. It is worthy to note that for each specimen, the first loading curve from 

part 1 (control) and 3 (after damage) are used for parameter estimation. 

2.3 Results  

Of the six samples tested, only five were considered for our analysis; one sample was discarded 

due to excessive noise in the data. Pre-test measurements of samples showed initial length of 

117.90 ± 13.8 mm, wall thickness of 0.89 ± 0.063mm, and initial outer diameter of 13.71 ± 2.42 

mm. Post-test measurements concluded that there was no significant change in the overall length 

of the specimens, whereas, the average wall thickness decreased to 0.79 ±0.044mm. 
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Figure 5. Luminal pressure and outer diameter raw data for a representative sample, as collected throughout the 

mechanical test. Specifically, part 1 (dark gray line) describes the mechanical behavior of the PA before the damage, 

part 2 (light gray line) describes the response to over-pressurization which generates damage within the wall, and 

part 3 (dark gray line) describes the mechanical behavior of the PA after damage. Also shown, the preconditioning 

protocol (dotted light gray line). 

In Figure 5 we show a representative set of raw pressure-diameter data as collected throughout 

the mechanical test. During the initial mechanical test (part 1), the vessel exhibited quasi-elastic 

characteristics, showing repeatable behavior for consecutive loading cycles. In the following, we 

will refer to the first loading curve of this portion of the test as the before-damage behavior of the 

PAs. During over-pressurization (part 2), conversely, we observed a pronounced rightward shift 

of each consecutive loading cycle, which suggests the development of mechanical damage within 

the arterial wall. Finally, in part 3 of the test, the vessel displayed some level of recovery of the 

elastic behavior, shown by the fact that consecutive loading cycles generate repeatable curves. All 
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specimens, however, showed qualitatively a significant increase in diameter for each value of 

pressure, when comparing curves from part 1 to curves from part 3 of the test. This seems to 

confirm the hypothesis that the application of supra-physiological pressures can damage the 

arterial wall in a potentially permanent way. In the following, we will refer to the first loading 

curve of part 3 of the test as the after-damage behavior of the PAs.  
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Figure 6. Average pressure vs. normalized diameter curve for all specimens. 𝐷𝐵 and 𝐷𝐴 correspond to before and 

after damage diameters, respectively. The before damage behaviors have been collected during the first loading of 

part 1 of the test, while the after damage behavior have been collected during part 3 of the test. The asterisk indicates 

that the normalized diameters were significantly different, at p < 0:05, when comparing before and after damage 

behaviors. 

We then quantified the diameter increase associated with over-pressurization by comparing 

diameters before and after damage, for each value of pressure. First, we normalized the diameter 

values recorded throughout the test by the diameter value at zero pressure after preconditioning, 

for each sample. Then, we performed an across-sample average of the normalized diameter before 

damage (i.e., 𝐷𝐵/𝐷𝐵0) and after damage (i.e., 𝐷𝐴/𝐷𝐵0) for values of pressures included between 0 

and 50 mmHg, shown in Figure 6. Statistical analysis confirms that the normalized diameter 

increase observed when comparing before and after damage behaviors is significant (p < 0.05 for 
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each value of pressure). The damaged specimens showed an enlargement amounting to ~20% of 

the diameter. 

 

Figure 7. Change in diameter during different loading curves. Black circles represent that diameter difference 

between the first and second loading curve of part 2 of the test, gray squares represent the difference in diameter 

between the second and third loading curve. The * indicates that the diameters were significantly different at p < 

0:05. 

In an effort to identify the pressure for which the damage start occurring, we compared the first 

three consecutive loading curves for part 2 of the test. Specifically, the difference between 

diameters of the first and second loading curves, and the difference between diameters of the 

second and third loading curves are compared in Figure 7. A significant softening behavior can 

be observed during the first over-pressurization to 100 mmHg. Arteries are enlarged after the first 

loading cycle, while the change in size is significantly smaller over the next cycles. This result 

confirms that the irreversible damage of mechanical behavior was caused by a high pressure. 
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Particularly, a pressure of 50-60 mmHg, where the diameter difference is the largest, seems to be 

a reasonable candidate to quantify the onset of damage. However, it is not clear if mechanical 

damage were present during part 1 of the test. 

 

Figure 8. 4 Histology images of tissue samples from the PA. Top row: Picrosirius red under polarized light 

(collagen fibers in red, yellow and green); bottom row: VVG (elastin in black, nuclei in purple, and cytoplasm in 

pink). Left: before damage samples; right: after damage samples. Bar in each image represents 500 μm. 

Figure 8 shows histological images of a representative specimens, before and after damage. 

Polarized PSR images show a color shift from bright red (larger diameters fibers) to yellow-green 

fibers (smaller diameter fibers), which could indicate damaged in collagen fibers. On the other 

hand, although the elastin sheets appear to be more dispersed in the VVG stained image of the 

damaged specimen, there are no clear qualitative indications of increased damage in the elastin 

fiber network.    
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Finally, the model describes the results accurately, according to the computed 𝑅2, for both 

the before and after damage specimens, as shown in Table 1. Collagen fiber stiffness parameter, 

c1,2 2 , and the fiber directions α seem to incur the most changes during the over-pressurization of 

arteries which is consistent with the observation in histology images. The results indicate a 

softening in collagen fibers with approximately 62% decrease in the dimensionless material 

parameter. Conversely, the fiber orientation seems to have altered towards the axial direction. It is 

worthy to note that the stiffness of elastin has decreased by 41% on average, although a statistically 

significant difference was not observed. 

Table 1. Best-fit material parameters for the 2-fiber family model and estimated axial stretch. 

 

2.4 Discussion 

Characterizing dissipative behavior of vasculature, such as softening and damage, is an emerging 

area of research, in predicting potential risk of diseases and elucidating mechanisms of disease 

progression. Previous studies have investigated the mechanical behavior of arteries in pressures 
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higher than physiological range (e.g., over 150 mmHg) mostly in the systemic circulation systems 

whereas lumen enlargement is not a common feature of the hypertensive patients. On the other 

hand, a larger caliber of the vessels in the lungs is a characteristic feature of PH patients when 

compared to healthy individuals, e.g., 20% larger arterial diameter in adult PH patients and 30% 

larger arterial diameter in pediatric PH patients. The central hypothesis that we sought to test in 

this study is that over-pressurization could lead to a permanent increase in the luminal diameter of 

proximal pulmonary arteries. To this end, we designed a mechanical testing protocol to 

characterizing the change in mechanical behaviors of porcine PA in response to damage. Then, we 

employed a microstructurally inspired constitutive law to interpret the results and make 

hypothesize which tissue components could be more affected by the damage process.  Finally, we 

employed histological images to qualitatively support the proposed damage mechanisms. 

While previous studies have investigated the irreversible mechanical response of the 

arteries both in physiological and pathological conditions (Scott, Ferguson, & Roach, 1972), to the 

authors’ knowledge, this study is first to investigate the mechanical damage in the pulmonary 

arteries. Large pulmonary arteries are main conduits in a low-pressure system, in comparison to 

the systemic circulation, and this physiological function could result in a significantly different 

structure when compared to other elastic vessels. For example, in cerebral arterial tissues, the 

mechanical response to cyclic loading to a maximum pressure of 100 mmHg was shown to have 

no effect on the pressure diameter curves (D. Li & Robertson, 2009. In this study we showed that 

in PAs, however, a pressure of 100 mmHg appeared to induce an irreversible effect on the 

mechanical behavior of the wall (Figure 5). Furthermore, the mechanical test we performed 

showed that preconditioning to a pressure of 30 mmHg did not change the mechanical behavior of 

the artery significantly, indicating that no damage incurred for this pressure level. In addition, a 
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relatively small softening behavior is observed in part 1 of the tests, where the highest pressure is 

50 mmHg (data not shown, not significant). However, our results indicated that a more pronounced 

damage across all 5 specimens was associated with part 2 of the test (Figure 6), where all of the 

vessels have a significantly larger caliber after the inflation test (p<0.05). The results of part 3 

demonstrated that after the over-pressurization, the arterial wall is more compliant, yet the cyclic 

pressure-diameter curves exhibit an elastic behavior. Schriefl et al (Schriefl et al., 2015), observed 

similar softer but elastic behavior when the arterial collagen was enzymatically removed in human 

abdominal aorta samples.  

The compliant behavior is also reflected in terms of the material parameters in Table 1, 

where the parameter 𝑐2
1,2

 significantly decreases, when compare before and after damage samples. 

The parameters 𝑐1
1,2

 and 𝑐2
1,2

 represent, in the model employed here, the constitutive properties of 

the collagen in the arterial wall as well as its effectiveness at different pressure domains (Roach & 

Burton, 1957). The significantly large difference between the first-second and second-third 

consecutive loading curves during part 2 of the test demonstrate that a pressure higher than 50 

mmHg induces sudden irreversible changes in the structure of the pulmonary arteries, whereas the 

pressure below 50 mmHg induced relatively smaller mechanical damage (Figure 7). Specifically, 

the abrupt change in the slope of the curve suggest that the damaging pressure is ~ 60 mmHg. The 

continuous softening behavior throughout part 2 may imply that the damage threshold in each 

following sets of loading curves may be decreasing. However, this behavior may be due to a 

constant softening in the arterial structure. Table 1 suggests also that the collagen fiber directions 

could significantly change before and after damage. Particularly, the angle α, the angle between 

the effective fiber orientation with respect to the axial direction of the artery, show an average 5° 

decrease in the fiber orientation, which could suggest that the circumferentially oriented collagen 
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fibers are damaged. Similarly, Converse et al. (Converse et al., 2018) observed that the direction 

of the damage conforms to the direction of the over-stretch using a collagen hybridizing peptide 

in the ovine middle cerebral artery specimens. Furthermore, our histology images also suggested 

that the collagen fibers are could be significantly damaged by over-pressurization, reinforcing our 

modeling prediction.  

This study has some limitations. First, the tests were performed in open air and room 

temperature, while other studies perform the tensile tests in a saline solution (Schrauwen et al., 

2012). Second, we did not account for mechanical response (active or passive) of smooth muscle 

cells in our study. Third, while we kept the specimens axially stretched at 10%, we did not measure 

the axial force induced in the specimens during the pressurization. Fourth, we assumed that the 

damaged specimens have are fully elastic, i.e., we did not use a damage model in our constitutive 

relations. Despite these limitations, this is the first study to investigate the mechanical damage as 

a result of over-pressurization in the pulmonary arteries. 

2.5 Conclusion 

PH is a complex and multifaceted disease in which the structure of the proximal PAs 

changes as a result of a variety of biomechanical and biochemical factors. In this study, we aimed 

to analyze only the mechanical response of the proximal PAs under elevated pressure. The results 

presented here suggest that mechanical damage of the arterial wall, associated with significantly 

increased blood pressure, could be contributing to the pathology of PH. Furthermore, the 

combination of model and histological images, seem to suggest that the damage is localized in the 

collagen fibers network in the adventitial layer 
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