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Mechanical ventilation (MV) is a system that partially or fully assists patients 

whose respiratory system fails to achieve a gas exchange function. However, MV can 

cause a ventilator-associated lung injury (VALI) or even contribute to a multiple organ 

dysfunction syndrome (MODS) in acute respiratory distress syndrome (ARDS) patients. 

Despite advances in today technologies, mortality rates for ARDS patient are still high. A 

better understanding of the interactions between airflow from mechanical ventilator and 
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the airway could provide useful information used to develop a better strategy to ventilate 

patients. 

The mechanisms, which mechanical ventilation induces airway inflammation, are 

complex processes and cover a wide range of spatial scales. The multiscale model of the 

airway have been developed combining the computational models at organ, tissue, and 

cellular levels. A model at the organ level was used to study behaviors of the airway 

during mechanical ventilation. Strain distributions in each layer of the airway were 

investigated using a model at the tissue level. The cellular inflammatory responses during 

mechanical ventilation were investigated through the cellular automata (CA) model 

incorporating all biophysical processes during inflammatory responses. 

The multiscale modeling framework started by obtaining airway displacements 

from the organ-level model. They were then transferred to the tissue-level model for 

determining the strain distributions in each airway layer. The strain levels in each layer 

were then transferred to the cellular-level model for inflammatory responses due to strain 

levels. The ratio of the number of damage cells to healthy cells was obtained through the 

cellular-level model. This ratio, in turn, modulated changes in the Young’s modulus of 

elasticity at the tissue and organ levels. 

The simulation results showed that high tidal volume (1400 cc) during mechanical 

ventilation can cause tissue injury due to high concentration of activated immune cells 

and low tidal volume during mechanical ventilation (700 cc) can prevent tissue injury 

during mechanical ventilation and can mitigate tissue injury from the high tidal volume 

ventilation. The multiscale model developed in this research could provide useful 
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information about how mechanical ventilation contributes to airway inflammation so that 

a better strategy to ventilate patients can be developed. 

 



   

 1 

 

 

CHAPTER 1 Introduction 
 

1.1 Motivation 

 

Incidence of respiratory failure in US is about 137-253 per 100,000 US 

population (Behrendt, 2000; Sather and Schuur, 2007). Patients with this symptom need 

mechanical ventilation since their respiratory system fails to achieve a gas exchange 

function. Mortality rates of these patients are about 36%-44% (Behrendt, 2000; Khilnani 

et al., 2004; Vasilyev et al., 1995). Evidence suggested that these patients died from 

dysfunction in other vital organs rather than respiratory failure (Flaatten et al., 2003). 

Mechanical ventilation can cause lung injury (Halbertsma et al., 2005) (see Figure 1.1). 

This mechanism is known as ventilator-associated lung injury (VALI). VALI is very 

severe, especially for acute respiratory distress syndrome (ARDS) patient since VALI can 

lead to systemic inflammatory response syndrome (SIRS) or even multiple organ 

dysfunction syndrome (MODS) through volutrauma, atelectrauma or biotrauma 

mechanisms (Imai and Slutsky, 2006). MODS is irreversible, with the mortality rates of 

80% of all intensive care unit (ICU) deaths (Khadaroo and Marshall, 2002). 

Understanding of the mechanisms that mechanical ventilation induces inflammatory 

responses could lead to a paradigm shift in mechanical ventilation for patients with 

respiratory failures and could reduce mortality rates from MODS in ARDS patients. 
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1.2 Approach 

 

Inflammatory responses in the airway induced by mechanical ventilation are 

complex processes dealing with a spatial scale that ranges from ~ 1 nm for proteins to ~ 1 

cm for the airway. It is clear that no single model can cover a factor of 107 in a spatial 

scale. A practical approach is to develop many models that cover a limit range of the 

spatial scale and to develop a technique that links these models together to investigate the 

airway inflammation induced by mechanical ventilation. 

The multiscale model consists of the organ-level, tissue-level, and cellular-level 

models (see Figure 1.2). To investigate inflammation development during mechanical 

ventilation, airway displacements at the organ-level model are first determined by 

performing a finite element (FE) analysis. The results of the airway displacements at the 

organ-level model are then used to define the applied boundary conditions for the tissue-

level model. Strains in each tissue layer are calculated employing the finite element (FE) 

analysis. These strains in each layer are then transferred to the cellular-level model. 

Change in inflammatory responses at the cellular-level model is associated with the 

transferred strains from the tissue-level model. The ultimate goal of the research is to 

better understand the mechanisms, which mechanical ventilation contributes to airway 

inflammation so that a better strategy to mechanically ventilate patients without inducing 

VALI or MODS can be developed. 
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Figure 1.1 Mechanical ventilation for patients whose respiratory system fails to achieve 
a gas exchange function (top: image from www.madem.com) and the mechanism which 
mechanical ventilation contributes to lung injury or MODS (bottom) 
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Figure 1.2 Components of the multiscale model for airway inflammation induced by 
mechanical ventilation 
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1.3 Specific Objectives 

 

The ultimate goal of the research is achieved through the following four 

objectives. 

Objective 1: Develop the organ-level model for studying the behaviors of the 

airway during mechanical ventilation. The continuum model incorporating the 

interactions between airflow and the airway wall is used to describe the behaviors of this 

level. 

Objective 2: Develop the tissue-level model for studying the behaviors of the 

airway tissue during mechanical ventilation. The continuum model incorporating the 

heterogeneity of the airway wall is used to describe the behaviors of this level. 

Objective 3: Develop the cellular-level model for studying the behaviors of the 

inflammatory responses during mechanical ventilation. The discrete model incorporating 

all biophysical processes during the inflammatory responses is used to describe the 

behaviors of this level. 

Objective 4: Develop the multiscale model for airway inflammation induced by 

mechanical ventilation. The multiscale model is composed of the organ-level, tissue-

level, and cellular-level models. 

 

1.4 Background and Significance 
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1.4.1 Mechanical Ventilation and Current Issues 

 

Mechanical ventilation is a method that partially or fully assists patients whose 

respiratory system fails to achieve a gas exchange function due to acute lung injury 

(ALI), acute respiratory distress syndrome (ARDS), airway disease, pulmonary vascular 

disease, or parenchymal lung disease (Lumb, 2005). It can be considered as an art more 

than a science since physicians must balance between gas exchange rate and tidal volume 

to prevent ventilator-associated lung injury (VALI) and it is critical, especially, for 

patients in an intensive care unit (ICU) with ARDS since VALI might contribute to a 

multiple organ dysfunction syndrome (MODS) from volutrauma, atelectrauma or 

biotrauma mechanisms (Imai and Slutsky, 2006) (see Figure 1.1). Despite advances in 

today technologies, the mortality rate in patients with ARDS remains very high. 

According to recent studies, the mortality rates are about 52% in US (Reynolds et al., 

1998) and 42% in Europe (Ruffini et al., 2001). 

Many techniques have been suggested to prevent VALI by using positive end-

expiratory pressure (PEEP) and lowering the tidal volume and airway pressure (Lumb, 

2005); however, there are some drawbacks. Lowering the tidal volume can cause 

hypercapnia, decrease in aerated lung volume, and increase in shunting and worsening 

oxygenation (Tobin, 2001). In addition, PEEP can cause transient oxygen desaturation, 

hypotension, barotrauma, arrhythmia, and bacterial translocation (Fan et al., 2005). A 

better strategy to mechanical ventilate patients with respiratory failure is needed to 

prevent VALI and reduce mortality rates from MODS in ARDS patients. 
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1.4.2 In Vivo and In Vitro Models for Studying Effects of Force on Airways 

 

Knowledge about the interactions between airflow and the airway wall in the 

human respiratory system is the first step for understanding mechanisms during 

mechanical ventilation. The human airway is shaped by the complex mechanical 

environment even in the uterus. This complex mechanical environment continues to 

influence and alter the mature airway in healthy and diseased people (Tschumperlin and 

Drazen, 2006). Many in vivo and in vitro models have been developed to study the effect 

of a mechanical stress on the airway wall. 

An in vivo experiment by Ranieri et al. (1999) and Dhanireddy et al. (2006) 

showed that high peak airway pressure from the conventional mechanical ventilation 

caused airway distention and an increase in the level of a proinflammatory mediator, 

cytokine. This overproduction of cytokine can exacerbate lung injury and can even lead 

to a mortality of patient with ALI or ARDS. Goldstein et al. (2001) supported previous 

studies by showing that mechanical ventilation in piglet model not only caused alveolar 

distention, but also induced bronchiolar distention. 

Swartz et al. (2001) applied a hydrostatic pressure on the cultured airway 

epithelial cells which were in contact with the cultured fibroblasts via a soluble mediator. 

Their results showed that a mechanical stress increased the level of Egr-I, fibronectin 

protein, and MMP-9/TIMP-1 ratio. These increases in Egr-I protein, fibronectin protein, 

and MMP-9/TIMP-1 ratio from a mechanical stress are also observed in the airway 

thickening responses of patients with asthma. Choe et al. (2003) developed a three-
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dimensional in vitro airway wall model composed of fibroblasts suspended in a collagen 

matrix and bronchial epithelial cells to study the effects of a mechanical stress on airway 

wall remodeling. Their results showed that a mechanical stress caused an increase in the 

thickness of the epithelial layer. 

None of the in vivo and in vitro models mentioned earlier can describe how the 

mechanical stress/strain distributes throughout the airways. Understanding the 

stress/strain distributions could be helpful for preventing airway distention and reducing 

VALI in patients with respiratory failure. 

 

1.4.3 Computational Models for Investigating Airflow in Airways 

 

Since measuring the airflow field in the human airways during mechanical 

ventilation is very difficult, a computational model can help researchers or physicians to 

investigate this airflow field. Many researchers have developed computational models to 

investigate the effects of airway diseases, e.g., tumors (Guan et al., 2000; Kleinstreuer 

and Zhang, 2003; Martonen and Guan, 2001a; Martonen and Guan, 2001b; Segal et al., 

2000), asthma (Longest et al., 2006), stenosis (Brouns et al., 2007), COPD (Luo et al., 

2007; Yang et al., 2006), and airway geometry, e.g., carinal shape (Martonen et al., 1994) 

and cartilage rings (Zhang and Finlay, 2005), on airflow and particle deposition in the 

airway bifurcation. 

However, these models failed to consider the interactions between airflow and the 

airway wall. In other words, the airway wall was assumed to be rigid and could not be 
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deformed or distended by fluid force from the airflow. Human airways are, in fact, soft 

tissues and can be distended by airflow during mechanical ventilation (Lumb, 2005). 

Therefore, the computational model that incorporates the interactions between airflow 

and the airway wall is needed in order to investigate the airflow in our airways during 

mechanical ventilation. 

 

1.5 Organization of the Dissertation 

 

The remainder of the dissertation is organized as follows. Chapter 2 discusses the 

details used to develop the organ-level model. The results of the organ-level model are 

also provided. Chapter 3 describes the procedures and the continuum model used to 

develop the tissue-level model. The results from the tissue-level model are also discussed. 

Chapter 4 provides all details of the cellular-level model and the results of the cellular-

level model. Chapter 5 illustrates the techniques that are used to develop the multiscale 

model. Applications of the multiscale model to clinical care are also demonstrated 

through case studies. Finally, scientific contributions of the research and 

recommendations for other researchers are presented in the Chapter 6. 
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CHAPTER 2 Organ-Level Models 

 

2.1 Introduction 

 

Based on Weibel (1963), airways can be numbered successively from the trachea 

(generation 0) down to the alveolar sacs (generation 23). Each generation bifurcates into 

two smaller daughter branches; therefore the number of the airways in each generation is 

indicated by the number 2 rose to the power of the generation number. The airways can 

be separated into two zones (conducting and respiratory zones) based on their functions 

(Hlastala and Berger, 2001). The conduction airways transport air between the outside 

and the gas-exchanging region of the lung. The function of the airways gradually changes 

from conducting to gas exchange as the airways progress down to the respiratory zone. 

Many computational models have been developed for studying airflow in the airways 

(Brouns et al., 2007; Guan et al., 2000; Kleinstreuer and Zhang, 2003; Longest et al., 

2006; Martonen and Guan, 2001a; Martonen et al., 1994; Segal et al., 2000; Yang et al., 

2006); however, those models failed to consider the interactions between airflow and the 

airway wall. In other words, the airway wall was assumed to be rigid and could not be 

deformed or distended by fluid force from the airflow. The more detailed computational 
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model that incorporates the interactions between airflow and the airway wall could lead 

to better understanding of the mechanisms during mechanical ventilation. 

In this chapter, the detail geometry and computational method of the organ-level 

model are described. The continuum model that incorporates the interactions between 

airflow and the airway wall is employed to study the effects of mechanical ventilation 

parameters and airway diseases on airway pressure and airway strains. 

 

2.2 Airway Geometry 

 

The research will focus mainly on airway generations 3 to 5 for three reasons. 

First, these airway generations are in the conducting zone (Hlastala and Berger, 2001). 

There is no gas-exchanging process in this zone. Second, these airway generations have 

less cartilage plates and no rings when compared to the proximal generations; therefore 

the airway wall is assumed to be smooth (Hlastala and Berger, 2001). Third, diameters of 

these airways do not change as a function of a lung volume but their diameters depend on 

a transmural pressure across the airway wall (Lumb, 2005).The geometric dimensions of 

airway generations 3 to 5 used for an organ-level model are based on the ICRP (1994) 

tracheobronchial geometry and airway thickness for each generation is based on 

measurement by Habib et al. (1994). The branching angle of the bifurcation is 70° based 

on the morphological data of Horsfield and Cumming (1967). The surface geometry of 

the model is constructed based on the physiologically realistic bifurcation (PRB) model 

suggested by Heistracher and Hofmann (Heistracher and Hofmann, 1995) (see Figure 
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2.1). The corresponding geometric diameter, length, and thickness of the bifurcation are 

tabulated in Table 2.1. 

 

 

Figure 2.1 Geometric representations of the airway bifurcation generations 3 to 5 based 
on ICRP (1994) tracheobronchial geometry and measurement by Habib et al. (1994). 
These bifurcations are used as a computational domain for the organ level model. 
 

Table 2.1 Parameters for airway generations 3 to 5 based on ICRP (1994) 
tracheobronchial geometry and measurement by Habib et al. (1994) 
 

Generation Diameter (cm) Length (cm) Thickness (cm) 

3 0.56 1.10 0.053 

4 0.45 0.92 0.041 

5 0.36 0.77 0.024 
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2.3 Governing Equations and Computational Method 

 

The transient interactions between airflow and the airway wall during mechanical 

ventilation are investigated by solving two coupled sets of the governing equations with 

associated boundary conditions. 

The governing equations for transient airflow are Navier-Stokes equations on a 

moving mesh with the assumption of incompressible flow. These equations govern the 

principles of mass and momentum conservation and are described below using Einstein’s 

repeated index convention (Longest and Kleinstreuer, 2005). 

 

Conservation of mass 
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In these equations, ix~  represents the moving mesh location, g  is the metric tensor 

determinate of the transformation, i.e., the local computational control-volume size, gρ  is 

fluid density, p  is fluid pressure, µ  is fluid viscosity, and u  is fluid velocity. 
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The governing relations for movement of the airway wall during mechanical 

ventilation are the time-dependent structural equations and are described below using 

Einstein’s repeated index convention (Reddy, 1993). 

 

Equation of motion 
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Constitutive relations 

klijklij C εσ =        (4) 

 

In the equation above, σ  is the stress in each direction, F  is the body force, ρ  is 

density, u  is the displacement, C  is the elasticity tensor, and ε  is the strain in each 

direction. 

 

The effect of fluid pressure on a structure is significant, especially if the structure 

is flexible, such as human airways. The numerical solutions of the interaction between 

airflow and airway walls during mechanical ventilation were implemented using two 

software packages, ANSYS and ANSYS CFX. ASNYS is general-purpose finite element 

(FE) software for structural modeling and ANSYS CFX is general-purpose computational 

fluid dynamics (CFD) software for modeling fluid flows. The fluid-structure interaction 

(FSI) procedures begin by solving the flow equations to obtain fluid pressure. Structural 
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equations are then solved for the displacement using the fluid pressure as an external 

force. The flow equations are solved again to obtain the fluid pressure after the structural 

displacement changes the fluid boundaries. This loop continues until both fluid pressure 

and structural displacement converge for each time period (ANSYS, 2005) (see Figure 

2.2). 

 

Figure 2.2 A diagram of the fluid-structure interaction (FSI) algorithm. 
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2.4 Computational Models and Boundary Conditions 

 

The computational domains of the bifurcation are created in ANSYS and ANSYS 

CFX. Due to symmetry, only one half of the domains are constructed. The solid domain 

is the airway wall with a finite thickness and the fluid domain is the internal volume of 

air in the bifurcation. Solid elements, BRICK45 (ANSYS, 2005), are used to represent 

the solid domain and fluid elements, FLUID142 (ANSYS, 2005), are used to represent 

the fluid domain. A structural hexahedral mesh is employed to provide a high quality 

flow field solution, as suggested by Longest and Vinchurkar (2007) and Vinchurkar and 

Longest (2008). 

The inlet boundary condition of the fluid domain is an airflow waveform, which is 

produced by mechanical ventilation in intubated patients. The properties of air are 

assumed to be those at 27 °C. A pressure accounting for an impedance pressure for the 

rest of the airways was applied at the outlet of the fluid domain (Vassiliou et al., 2000). A 

no-slip boundary condition is applied at the fluid-solid interface. A zero-displacement 

boundary condition is applied to the solid domain at both inlet and outlet to represent a 

tethering of the airway wall from other tissues and organs (Plopper et al., 2003). Figure 

2.3 shows the finite element model and all boundary conditions that are used for the 

organ-level model. The normal airway wall at the organ-level model are assumed to be of 

a homogeneous and orthotropic material with a density of 1365.6 kg/m3 (Sera et al., 

2003), a Young’s modulus of elasticity in longitudinal direction of 130.89 kPa (Croteau 
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and Cook, 1961), a Young’s modulus of elasticity in circumferential direction of 74.07 

kPa (Prakash and Hyatt, 1978), and Poisson’s ratio of 0.45 (Prakash and Hyatt, 1978). 

 

Figure 2.3 The finite element model of the airway bifurcation generations 3 to 5 for the 
organ-level model and the boundary conditions for both solid and fluid domains. 
 

2.5 Model Validation 

 

A mesh-independence study was performed on the solid and fluid domains to 

confirm that a fine enough element had been used to represent both solid and fluid 

domains. The mesh-independence study begun with a mesh discretization and recorded a 

solution. Then the finer elements were used to represented both solid and fluid domains. 

The results from the finer-element model were then compared with those from the first 

model. If the results are nearly similar, then the first mesh is probably good enough for 
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that particular geometry, loading and constraints. If the results differ by a large amount, 

the process was repeated with the finer elements. Maximum pressure and velocity were 

used as convergence criteria for the fluid domain and maximum displacement and von 

Mises strain were used as convergence criteria for the solid domain. A converged model 

was obtained when changes in those solutions were less than 5%. Having performed the 

mesh-independence study, the airflow velocity from the finite element model for a single 

bifurcation was then compared to the experiment by Zhao & Lieber (1994) (see Figure 

2.4). 

 

Figure 2.4 Airflow velocity in the symmetric bifurcation. Images are from the 
experiment by Zhao & Lieber (1994). 
 

2.6 Method of Analysis 

2.6.1 Effect of Airflow Rate 
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The effect of airflow rate during mechanical ventilation on airway pressure and 

strains in the airway wall were studied by implementing three flow rate waveforms: 30, 

60, and 90 l/min in the trachea. The flow rate at the airway generation 3 was obtained 

assuming that flow divides equally at each bifurcation. The obtained flow rate was then 

applied as the inlet boundary condition of the fluid domain. Based on the previous 

experiment by Zhao & Lieber (1994), the airflow was assumed to be a laminar flow for 

the cases of 30 and 60 l/min. However, airflow becomes a turbulent flow for flow rate 90 

l/min. In order to take this aspect into account for higher airflow rates from mechanical 

ventilation, the shear stress transport (SST) model was employed in the computational 

model. The flow waveforms from mechanical ventilation were characterized by active 

constant inhalation and passive exhalation. The flow waveforms were constructed 

assuming that the tidal volume was 700 cm3. The passive exhalation was described by the 

following equation. 

 

( ) 0 /tV
v t e τ

τ
−= −     (5) 

 

where v is airflow velocity (m/s), t is time (s), V0 is the tidal volume (cm3), and τ is a time 

constant equal to the product of lung compliance and resistance. The time constant in this 

study was chosen such that the ratios between the duration of inhalation and exhalation 

were 1/2, 1/4, and 1/8 for airflow rates of 30, 60, and 90 l/min, respectively (Lumb, 

2005). 
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2.6.2 Effect of Airflow Waveform 

 

Four waveforms from mechanical ventilation were chosen for this study. These 

waveforms were ascending, descending, constant, and sine waveform. To construct the 

active inhalation flow waveform, the lung was assumed to be inflated 700 cc in 0.7-s 

duration and the ratio between a minimum airflow rate and a maximum airflow rate was 

assumed to be 1/3 for ascending and descending flow waveforms. The passive exhalation 

flow waveform was described by equation (5). 

 

2.6.3 Effect of Tidal Volume 

 

This analysis was based on three tidal volume–namely 350, 700, and 1400 cc. 

These tidal volumes represent low volume (6 cm3/kg), mean volume (12 cm3/kg), and 

high volume (25 cm3/kg) (Sinclair et al., 2007). The airflow rate of 60 l/min with constant 

flow waveform was chosen for this analysis. 

 

2.6.4 Effect of Positive End-Expiratory Pressure 

 

Positive end-expiratory pressure (PEEP) refers to the amount of above 

atmospheric pressure in the airway at the end of passive expiration. PEEP is used mainly 

to recruit or stabilize lung units and improve oxygenation in patients (Lumb, 2005). The 

constant flow waveform with the airflow rate of 60 l/min was chosen for this study. Three 
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positive end-expiratory pressures (PEEP) were employed: 0, 5, and 10 hPa. To account 

for an impedance pressure for the rest of the airways, the equation developed by 

Vassiliou et al. (2000) was used to calculate the pressure at the outlet of the fluid domain 

for each PEEP. 

 

2.6.5 Effect of Airway Constriction from Airway Disease 

 

The effect of airway constriction from airway diseases on airway pressure and 

airway strains was investigated by employing two types of airway disease: tumor and 

asthma. The simplified spherical tumor was introduced at the first bifurcation between 

airway generations 3 and 4. The tumor was assumed to be isotropic material with a 

Young’s modulus of elasticity of 81.5 kPa (Weisenhorn et al., 1993) and density of 1047 

kg/m3 (Reitz et al., 2008). The parametric study was performed to study the effect of 

tumor size and stiffness on airway pressure and airway strains. The tumor size was varied 

by changing a ratio between tumor radius and airway radius from 0 to 1. The 0 represents 

no tumor and the 1 represents a half obstruction of the airway. For a tumor stiffness 

parametric study, the stiffness was varied from 15-150 kPa. This range is a normal range 

of the stiffness for the tumor (Weisenhorn et al., 1993). 

The airway thickening was introduced for the asthma disease. The asthmatic 

airway was two-time thicker than the normal airway (Kamm, 1999). Thickness of each 

layer for the asthmatic airway is obtained from the histological section of airway tissue 

(Benayoun et al., 2003) and it is 460, 230, and 110 µm for mucosa, smooth muscle, and 
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cartilage layer, respectively. Material properties of the homogeneous asthma airway can 

be calculated using material properties of each tissue layer (see Table 2.2) and a 

composite-material theory (Barbero, 1999). 

 

cartilagecartilageSMSMamuamu EEEE ννν ++= coscos    (8) 

 

In the above equation, E  is a Young’s modulus of elasticity of the homogeneous airway 

wall, amuE cos  is a Young’s modulus of elasticity of the mucosa, SME  is a Young’s 

modulus of elasticity of the smooth muscle, cartilageE  is a Young’s modulus of elasticity of 

the cartilage, amucosν  is a volume fraction of the mucosa, SMν  is a volume fraction of the 

smooth muscle, and cartilageν  is a volume fraction of the cartilage. The volume fraction of 

each layer is a ratio of the thickness in each layer to total thickness of the airway tissue. 
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Table 2.2 Material properties of each layer in the airway wall 

 

Airway wall layer Young’s modulus (kPa) 

Circumferential 80 
Mucosa (Yamada, 1970) 

Longitudinal 150 

Circumferential 75 Smooth muscle with cartilage (Jiang and 

Stephens, 1990) Longitudinal 75 

 

Substituting values of the Young’s modulus for Table 2.2 and the volume fraction 

for each layer into (8), we obtain 

 

In a circumferential direction 

( ) ( ) ( ) kPaE 7875
820

110
75

820

250
80

820

460 =++=  

In a longitudinal direction 

( ) ( ) ( ) kPaE 12075
820

110
75

820

250
150

820

460 =++=  

 

2.6.6 Airflow velocity, Pressure, and Strain at Alveolar-Sac Level 

 

Airflow velocity, airway pressure and airway strains at the alveolar-sac level were 

investigated using the simplified model of the alveolar sac. The alveolar sac has a 

diameter of 500 µm. The alveolar duct diameter was 200 µm and the entrance length was 



  24 

100 µm (Dailey and Ghadiali, 2007). Thickness of the alveolar sac is 0.3 µm (Lumb, 

2005). The alveolar sac was assumed to be homogeneous and isotropic material with the 

Young’s modulus of 80 kPa (Yamada, 1970) and Poisson’s ratio of 0.45 (Prakash and 

Hyatt, 1978). The parametric study was performed to investigate an effect of tidal volume 

on airway pressure and airway strains. The constant flow waveform of 60 l/min with 

three tidal volumes (350, 700 and 1400 cc) was chosen for this analysis. 

 

2.7 Results 

 

2.7.1 Validation against Measurement in a Single Bifurcation 

 

Figure 2.5 shows a comparison of the axial velocity in the airway generation 4 

between the finite element solutions and the experimental results from Zhao & Lieber 

(1994). As can be seen from this figure, the finite element solutions and the experimental 

results were in good agreement. The axial velocity in the bifurcation plane had a skewed 

velocity profile toward the inside wall. The axial velocity in the vertical plane had an M-

shape profile. These skewed velocity and M-shape profiles were from the effect of a 

secondary flow after the bifurcation. 
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Figure 2.5 A validation between the computational and experimental results of airflow 
velocity in the airway generation 4. 
 

2.7.2 Airflow Velocity and Airway Pressure 

 

Airflow velocity and airway pressure distributions for all normal airway cases 

were similar. For brevity, results of the 60-l/min constant flow rate were shown here. 

High airflow velocity spread throughout G3. After the first bifurcation, high airflow 

velocity moved toward medial side of G4. Airflow velocity in both G3 and G4 was 

symmetric; however velocity profiles in G5 were not symmetric. Airflow velocity in the 

branch G5M was higher than that in the branch G5L (see Figure 2.6). The difference in 

airflow velocity in G5 was from high airflow velocity at the medial side of G4. The 

maximum airflow velocity for 60 l/min was 6.00 m/s. 
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High airway pressure areas were at the beginning of G3 and at the bifurcations at 

the end of inhalation (see Figure 2.7). The pressure at the first bifurcation between G3 

and G4 was higher than that at the second bifurcation between G4 and G5. The maximum 

airway pressure at the end of inhalation for 60 l/min was 95.33 Pa. 

 

 

Figure 2.6 Airflow velocity at the end of inhalation for airflow rate of 60 l/min with a 
constant flow waveform 
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Figure 2.7 Airway pressure at the end of inhalation for airflow rate of 60 l/min with a 
constant flow waveform 
 

2.7.3 Airway Displacement and Airway Strains 

 

Airway displacement and airway strain distributions for all normal airway cases 

were similar. For brevity, results of the 60-l/min constant flow rate were shown here. 

High airway displacements were at the bifurcations at the end of inhalation (see Figure 

2.8). The airway displacements at the first bifurcation were lower than those at the second 

bifurcation. The maximum airway displacement for 60 l/min was 0.3 mm (about 13 % 

increases in airway diameter). 
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Figure 2.8 Airway displacement at the end of inhalation for airflow rate of 60 l/min 
with a constant flow waveform 
 

Figure 2.9 shows distributions airway strains in both longitudinal and 

circumferential directions at the end inhalation. High longitudinal and circumferential 

strains were observed at the bifurcation. The highest longitudinal and circumferential 

strains were at the second bifurcation. The strain levels are higher in circumferential 

direction in comparison to the longitudinal direction, which means that airways distended 

more in the circumferential direction than in the longitudinal direction. In the longitudinal 

direction, the maximum strain levels are 2.9%, whereas in the circumferential direction, 

the maximum strain levels are 4.8%. 
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Figure 2.9 Airway strains in longitudinal (top) and circumferential (bottom) direction at 
the end of inhalation for airflow rate of 60 l/min with a constant flow waveform 
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2.7.4 Effect of Airflow Rate 

 

The effect of airflow rate was investigated employing three airflow rates: 30, 60, 

and 90 l/min (see Figure 2.10). Figure 2.11 shows the effect of airflow rate on airflow 

velocity, airway pressure, and airway strains. As can be seen from this figure, airflow rate 

affects each parameter in different degrees. Airflow rate highly affected airflow velocity. 

A maximum airflow velocity increased about 46% and 34% when airflow rate increased 

from 30 l/min to 60 and 90 l/min, respectively. A maximum airway pressure increased 

about 29% and 23% when airflow rate increased from 30 l/min to 60 and 90 l/min, 

respectively. A maximum airway displacement increased about 21% and 18% when 

airflow rate increased from 30 l/min to 60 and 90 l/min, respectively. A maximum 

longitudinal strain increased about 21% and 17% when airflow rate increased from 30 

l/min to 60 and 90 l/min, respectively. A maximum circumferential strain increased about 

24% and 16% when airflow rate increased from 30 l/min to 60 and 90 l/min, respectively. 
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Figure 2.10 Flow waveforms of active inhalation with a constant flow rate and passive 
exhalation for airflow rates of 30, 60, and 90 l/min 
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Figure 2.11 Effect of airflow rate from mechanical ventilation on airflow velocity, 
airway pressure, airway displacement, longitudinal strain, and circumferential strain. The 
normalized values are based on airflow rate of 60 l/min. 
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2.7.5 Effect of Airflow Waveform 

 

This analysis was based on four airflow waveform from mechanical ventilation: 

ascending, constant, descending, and sine (see Figure 2.12). The effect of airflow 

waveform on airflow velocity, airway pressure, and airway strains is shown in Figure 

2.13. The normalized values in this figure were based on the constant flow waveform. As 

can be seen, sine waveform provides the highest airflow velocity, which was about 44% 

higher than the constant flow waveform. Airway pressure, airway displacement, and 

airway strains were lowest for the descending waveform. They were about 17%, 11%, 

11%, and 12% lower than the constant flow waveform for airway pressure, airway 

displacement, longitudinal strain, and circumferential strain, respectively. 
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Figure 2.12 Different four flow waveforms generated from mechanical ventilator. Lung 
was assumed to be inflated 700 cc in 0.7-s duration 
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Figure 2.13 Effect of airflow waveform from mechanical ventilation on airflow velocity, 
airway pressure, airway displacement, longitudinal strain, and circumferential strain. The 
normalized values are based on constant flow waveform. 
 

2.7.6 Effect of Tidal Volume 

 

Three tidal volumes were employed in this analysis: 350, 700, and 1400 cc. The 

effect of tidal volume on airflow velocity, airway pressure, and airway strains is shown in 

Figure 2.14. Tidal volume did not affect a maximum airflow velocity; however, airway 

pressure and airway strains increased with increasing tidal volume. The maximum airway 

pressure increased about 24% and 47% when tidal volume increased from 350 cc to 700, 

and 1400 cc, respectively. The maximum airway displacement increased about 29% and 

50% when tidal volume increased from 350 cc to 700, and 1400 cc, respectively. The 

maximum longitudinal strain increased about 28% and 57% when tidal volume increased 

from 350 cc to 700, and 1400 cc, respectively. The maximum circumferential strain 
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increased about 30% and 53% when tidal volume increased from 350 cc to 700, and 1400 

cc, respectively. 
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Figure 2.14 Effect of tidal volume on airflow velocity, airway pressure, airway 
displacement, longitudinal strain, and circumferential strain. The normalized values are 
based on 700-cc tidal volume. 
 

2.7.7 Effect of Positive-End Expiratory Pressure 

 

The effect of positive-end expiratory pressure (PEEP) on airflow velocity, airway 

pressure, and airway strains was investigated using 0-, 5-, and 10-hPa PEEP. As can be 

seen from Figure 2.15, PEEP did not affect a maximum airflow velocity. Airway 

pressure, airway displacement, and airway strains in creased with increasing PEEP. The 

maximum airway pressure increased about 12% and 32% when PEEP increased from 0 

hPa to 5, and 10 hPa, respectively. The maximum airway displacement increased about 
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11% and 33% when PEEP increased from 0 hPa to 5, and 10 hPa, respectively. The 

maximum longitudinal strain increased about 16% and 40% when PEEP increased from 0 

hPa to 5, and 10 hPa, respectively. The maximum circumferential strain increased about 

12% and 35% when PEEP increased from 0 hPa to 5, and 10 hPa, respectively. 
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Figure 2.15 Effect of PEEP on airflow velocity, airway pressure, airway displacement, 
longitudinal strain, and circumferential strain. The normalized values are based on 0-hPa 
PEEP. 
 

2.7.8 Effect of Airway Constriction from Airway Disease 

 

The effect of airway constriction on airflow velocity, airway pressure, airway 

displacement, and airway strains was investigated using two airway diseases: tumor and 

asthma. The simplified spherical tumor was introduced at the bifurcation for tumor case 

(see Figure 2.16). The distributions of airflow velocity and airway pressure for tumor 
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case were quite similar to those in the normal airway. The air from airway G3 divided 

symmetrically into airway G4 at the tumor instead of at the bifurcation (see Figure 2.17). 

The maximum airway pressure was observed at the tumor instead of the bifurcation (see 

Figure 2.17). The distributions of the airway displacement and airway strains for the 

tumor airway were similar to the normal airway (see Figures 2.18 and 2.19). The 

parametric study was performed on tumor size and stiffness. Tumor size highly affected 

airflow velocity; however, it insignificantly affected airway pressure, airway 

displacement, longitudinal strain, and circumferential strain (see Figure 2.20). The tumor 

size effect on airflow velocity was significant when ratio of tumor radius to airway radius 

was at least 0.8. In contrast, tumor stiffness highly affected longitudinal strain but 

insignificantly affected airflow velocity, airway pressure, airway displacement, and 

circumferential strain (see Figure 2.21). 
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Figure 2.16 Geometric representations of the airway bifurcation generations 3 to 5 
based on ICRP (1994) tracheobronchial geometry and measurement by Habib et al. 
(1994). The simplified spherical tumor is introduced at the first bifurcation for tumor 
airway analysis. 
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Figure 2.17 Airflow velocity (top) and airway pressure (bottom) at the end of inhalation 
for tumor case. Airflow rate of 60 l/min with a constant flow waveform is used for the 
analysis. 

 



  39 

 

 

 

 

 

A A

B

B

Section A

Section B

Airway displacement (m)

 

Figure 2.18 Airway displacement at the end of inhalation for tumor case. Airflow rate of 
60 l/min with a constant flow waveform is used for the analysis. 
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Figure 2.19 Longitudinal strain (top) and circumferential strain (bottom) at the end of 
inhalation for tumor case. Airflow rate of 60 l/min with a constant flow waveform is used 
for the analysis 
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Figure 2.20 Effect of tumor size on airflow velocity. The normalized values are based 
on normal airway case. 
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Figure 2.21 Effect of tumor stiffness on airflow velocity, airway pressure, airway 
displacement, longitudinal strain, and circumferential strain. The normalized values are 
based on normal airway case. 

 

For asthma case, the two-time thicker airway walls than the normal airway walls 

was used for the analysis. Distributions of airflow velocity, airway pressure, airway 
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displacement, and airway strains for the asthmatic case were similar to those of the 

normal case. Figure 2.22 shows an effect of asthma on airflow velocity, airway pressure, 

airway displacement, and airway strains. The values from the asthmatic case were 

compared with those from 90-l/min normal case. As can be seen from Figure 2.22, the 

maximum airflow velocity increased about 2% and the maximum airway pressure 

increased about 59% for the asthmatic case. However, the maximum airway 

displacement, longitudinal strain, and circumferential decreased about 73%, 46%, and 

43%, respectively for the asthmatic case. 
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Figure 2.22 Effect of asthma on airflow velocity, airway pressure, airway 
displacement, longitudinal strain, and circumferential strain. The normalized values are 
based on normal airway case at 90-l/min constant flow rate. 
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2.7.9 Airflow velocity, Pressure, and Strain at Alveolar-Sac Level 

 

The simplified model of the alveolar sac is shown in Figure 2.23. The simulation 

results at the alveolar sac were obtained through a one-way FSI algorithm. The procedure 

began by solving for airflow velocity and sac pressure from the fluid domain. The sac 

pressure was then transferred to the solid domain. The strain at the sac was then 

calculated using the sac pressure from the fluid domain as an external force. Airflow 

velocity, sac pressure, and sac strain distributions for all tidal volumes were similar. For 

brevity, results of the 60-l/min constant flow rate with 700-cc tidal volume were shown 

here. Distributions of airflow velocity and sac pressure at the end of inhalation are shown 

in Figure 2.24. The maximum airflow velocity was observed at the beginning of the sac. 

It is 0.0052 m/s. The airflow velocity is low near the sac wall. The sac pressure was 

similar in every location of the sac. This pressure was 28.17 Pa. The displacement 

distributions in the alveolar sac are shown in Figure 2.25. The pressure in the sac 

expanded the sac about 10% during the inhalation. The 1st, 2nd, and 3rd principal strains 

were uniformly distributed throughout the sac (see Figures 2.26-2.28). The maximum 

principal strains were 12%, 10%, and 22% for the 1st, 2nd, and 3rd principal strains, 

respectively. The maximum von Mises strain in the sac was about 27% (see Figure 2.29). 

The von Mises strain is the average strain in the sac and can be calculated using the 1st, 

2nd, and 3rd principal strains (Dowling, 1998). 
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Figure 2.23 Geometric representations of the alveolar sac used for the analysis of 
airflow velocity, airway pressure, and airway strain. 
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Figure 2.24 Airflow velocity (left) and airway pressure (right) in the alveolar sac at the 
end of inhalation for airflow rates of 60 l/min with a constant flow waveform 
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Displacement (m)  

Figure 2.25 Displacement in the alveolar sac at the end of inhalation for airflow rates 
of 60 l/min with a constant flow waveform 

1st principal strain  

Figure 2.26 1st principal strain in the alveolar sac at the end of inhalation for airflow 
rates of 60 l/min with a constant flow waveform 
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2nd principal strain  

Figure 2.27 2nd principal strain in the alveolar sac at the end of inhalation for airflow 
rates of 60 l/min with a constant flow waveform 

3rd principal strain  

Figure 2.28 3rd principal strain in the alveolar sac at the end of inhalation for airflow 
rates of 60 l/min with a constant flow waveform 



  47 

von Mises strain  

Figure 2.29 von Mises strain in the alveolar sac at the end of inhalation for airflow 
rates of 60 l/min with a constant flow waveform 
 

Figure 2.30 shows an effect of tidal volume on airflow velocity, sac pressure, and 

sac strains. Tidal volume did not affect a maximum airflow velocity in the alveolar sac; 

however, it highly affected a maximum sac pressure and sac strain. The maximum sac 

pressure and sac strain increased two times when tidal volume increased from 700 cc to 

1400 cc and the maximum sac pressure decreased two times when tidal volume decreased 

from 700 cc to 350 cc. 
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Figure 2.30 Effect of tidal volume on airflow velocity, sac pressure, and sac strain in 
the alveolar sac. The normalized values are based on 700-cc tidal volume. 
 

2.8 Discussion 

 

It would be difficult and potentially dangerous to perform experiments in patients 

to investigate an effect of mechanical ventilation parameters on airway pressure and 

airway strains during mechanical ventilation by attempting to directly measure these 

strains. A computational model of the respiratory airway based on FSI algorithm was 

constructed and used to predict the effect of each ventilation parameter on the airway 

pressure and airway strains during the mechanical ventilation.  

Airway pressure increased with increasing airflow rate, tidal volume, and PEEP. 

It also increased in the asthmatic airway. Increase in airway pressure can trigger 

inflammatory mediators (Dhanireddy et al., 2006; Goldstein et al., 2001; Ranieri et al., 

1999). The overproduction of cytokines can exacerbate lung injury and could lead to an 
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increased mortality of patient with ALI or ARDS. Pressures in the airways can be 

transmitted throughout the whole lung via the lung fiber system. If this transmitted 

pressure is very high, it can cause a mechanical rupture of the lung fiber network 

especially in diseased regions as may occur with emphysema. This high pressure at the 

airway walls also causes a mechanical rupture at alveolar ducts since the axial fibers run 

from the branching airways to the alveolar structures (Gattinoni et al., 2003). 

For the airway bifurcation generations 3 to 5 considered, the airways expanded in 

both circumferential and longitudinal directions, even though the airway pressure only 

acts in the circumferential direction. The airways expanded more circumferentially rather 

than longitudinally during the active inhalation as expected and recently found 

experimentally in small intact animal models (Sinclair et al., 2007) which utilized 

microfocal X-ray imaging to obtain real-time bronchograms under various mechanical 

ventilation conditions. The strain levels from the organ-level model of the airway 

generation 3 to 5 were in good agreement the experiment in small intact animal models 

by Sinclair et al (2007). The airway strains increased with increasing airflow rate, tidal 

volume, and PEEP form mechanical ventilation. However, they decreased for the 

asthmatic airway. This decrease in the airway strains for the asthmatic airway was 

observed in many clinical studies (Brackel et al., 2000; Brown et al., 2007) because of the 

stiff asthmatic airway. 

Results of the 1st and 2nd principal strains are very close and these strains may 

represent the diameter change of the sac. The 3rd principal strain may be related to 

thickness change. The values of the 1st and 2nd principal strains were in good agreement 
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with the change in the sac diameter calculated from the sac displacement and they also 

are in the same range as the previous experiment in small intact animal models by 

Sinclair et al (2007). These strain levels in the sac increased with increasing tidal volume. 

High strain levels in the airway can induce inflammatory responses through 

releasing interleukin (IL)-8, the most powerful chemoattractant for neutrophils. A study 

by Belperio et al (2002) showed that high peak airway pressure and strain during 

mechanical ventilation increased CXC2 chemokine (a murine equivalent of IL-8) without 

cell injury. The increase in CXC2 chemokine was associated with neutrophil activation 

and lung injury. In addition, increase in airway strain from high tidal volume increased 

cytokine tumor necrosis factor-alpha (TNFα) level (Chiumello et al., 1999; Tremblay et 

al., 1997). The organ-level model developed in this chapter could provide useful 

information about how each mechanical ventilation parameters affects the strain levels in 

the airways and the alveolar sac so that physicians can adjust each parameter 

appropriately during mechanical ventilation. 

  

2.9 Summary 

 

The organ-level model that incorporates the interactions between airflow and the 

airway wall of the airway generation 3 to 5 was developed to study airflow velocity, 

airway pressure, airway displacement, and airway strains during mechanical ventilation. 

The effect of airflow rate, airflow waveform, tidal volume, PEEP, and airway constriction 

on each parameter was investigated. The simulation results showed that airflow velocity 
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increased with increasing airflow rate and airway constriction. Airway pressure increased 

with increasing airflow rate, tidal volume, and PEEP. Airway displacement and airway 

strains increased with increasing airflow rate, tidal volume, and PEEP form mechanical 

ventilation; however they decreased in airway constriction from asthma. Sine waveform 

provided the highest airflow velocity and airway pressure while descending waveform 

provided the lowest airway pressure, airway displacement and airway strains. The airway 

displacement from the organ-level model is transferred to the tissue-level model for 

studying strain distributions in each airway layer. Details of the tissue-level model will be 

discussed in the next chapter. 
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CHAPTER 3 Tissue-Level Models 

 

3.1 Introduction 

 

Airways are of heterogeneous material and composed of many layers, such as 

mucosa, submucosa, lamina propria, and adventitia (Bai et al., 1994). Stiffness in each 

airway layer also varies (Kamm, 1999). Many in vitro and in vivo models have been 

developed to study the effects of mechanical force or pressure on the airways. These 

models include the cultured airway epithelial cells which were in contact with the 

cultured fibroblasts via a soluble mediator (Swartz et al., 2001) or fibroblasts suspended 

in a collagen matrix and bronchial epithelial cells (Choe et al., 2003). However, there are 

some flaws in their models. First, the mechanical force they used did not represent the 

actual force during mechanical ventilation. Second, their model fails to describe the 

distributions of stresses and strains in each layer of the airway. Since it is very difficult to 

measure the distributions of stresses and strains in real tissue due to thickness of each 

layer in the airways is very thin, the computational model that incorporates the 

heterogeneity of the airways could be very helpful to understand how stresses and strains 

distribute in each airway layer during mechanical ventilation. 
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In this chapter, the continuum model that incorporates the heterogeneity of the 

airways is developed to study the effects of airway material properties on distributions of 

strain in each layer of the airway wall. The detailed geometry and the computational 

method for the tissue-level model are also discussed. 

 

3.2 Airway Architecture 

 

Based on a recent publication by Bai et al. (1994), airway can be divided into 

three major layers (mucosa, submucosa, and area outside submocosa) due to their distinct 

composition in each layer and mechanisms that each layer can be thickened. The mucosa 

consists of epithelium, basement membrane, and lamina propria. The submucosa begins 

at the outer border of the lamina propria and this region includes the smooth muscle 

tissue. The area outside the submucosa consists of cartilage-fibrous layer and adventitia. 

Adventitia is referred to the loose connective tissue that ties the airways to the 

surrounding environment. Figure 3.1 shows a schematic diagram of airway architecture 

along the thickness of the bronchial wall. 
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Figure 3.1 A schematic diagram of airway architecture along the thickness of the 
bronchial wall. Image is from Bai et al. (1994) 
 

3.3 Governing Equations and Computational Method 

 

The governing equations for strain distributions in each layer of the airway wall 

during mechanical ventilation are the steady state structural equations and are described 

below using Einstein’s repeated index convention (Reddy, 1993). 

 

Equation of motion 

0=+
∂
∂

i
j

ij F
x

σ
       (6) 

 

Constitutive relations 
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klijklij C εσ =        (7) 

 

In the equation above, σ  is the stress in each direction, F  is the body force, ρ  is 

density, C  is the elasticity tensor, and ε  is the strain in each direction. The finite element 

method is chosen to solve these governing equations employing the commercial finite 

element software, ANSYS. 

 

3.4 Computational Models and Boundary Conditions 

 

A tissue-level model of the airway wall is developed treating the airway wall as a 

composite material. Figure 3.2 shows airway architecture along the thickness of the 

bronchial wall and the corresponding computation domain. The computational domain of 

the airway tissue is constructed in the finite element software, ANSYS. Solid elements, 

BRICK45 (ANSYS, 2005), are used to represent each layer of the airway tissue. Each 

layer of the airway tissue is assumed to be perfectly bonded to other layers. The material 

properties for each layer are tabulated in Table 3.1. Thickness of each layer is obtained 

from the histological section of airway tissue (Benayoun et al., 2003) and it is 240, 115, 

and 55 µm for mucosa, smooth muscle, and cartilage layer, respectively. 
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Figure 3.2 Image from Kamm (1999) showing different layers of the airway wall 
architecture (left) and the computational model of the airway wall for the tissue-level 
model (right) 
 

Table 3.1 Material properties of each layer in the airway wall 
 

Airway wall layer Young’s modulus (kPa) 

Circumferential 80 
Mucosa (Yamada, 1970) 

Longitudinal 150 

Circumferential 75 Smooth muscle with cartilage (Jiang and 

Stephens, 1990) Longitudinal 75 

 

The boundary conditions for the tissue-level model are airway displacements at 

each location from the organ-level model. At least three elements are used in thickness 

direction of each layer to make sure that strain variations in thickness direction can be 
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captured. Figure 3.3 shows the computational domain of the tissue-level model and the 

finite element model as well as all boundary conditions for the tissue-level model. 

 

 

Figure 3.3 The computational model of the tissue-level model (top) and the finite 
element model as well as all boundary conditions for the tissue-level model (bottom) 
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3.5 Model Validation 

 

A review of the literature indicates that there is no information of strain 

distributions in each airway layer during mechanical ventilation. Therefore, a mesh-

independence study is performed to confirm that a fine enough element had been used to 

represent the computational domain. Changes in displacement and von Mises strain are 

used as convergence criteria. A converged model is obtained when changes in those 

criteria are less than 5%. 

 

3.6 Method of Analysis 

 

The effect of material properties on the strain distributions in each layer was 

investigated using two material models: heterogeneous and homogeneous material model. 

The material properties of each layer in Table 3.1 were used for the heterogeneous 

material model. In contrast, the material properties from the organ-level model were used 

for all airway tissue layers in the homogeneous material model. The tissue geometry was 

obtained from the center of the airway generation 4. The displacements at the end of 

inhalation for 60-l/min constant flow waveform were chosen for the analysis (see Figure 

3.4). The analysis was performed to study distributions of von Mises strain, normal strain, 

and shear strain in each airway layer. The von Mises strain is an average strain at any 

point. It is a combination of normal and shear strain in all directions (Dowling, 1998). 
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Airway displacement = 1.32e-5 m

Organ-level model

Airway displacement = 2.77e-5 m

Tissue-level model

 

Figure 3.4 The finite element model of for the tissue-level model and boundary 
conditions that was used for the analysis. The airway displacements used in the analysis 
were from airway displacement at the organ-level at the end of inhalation with 60-l/min 
constant flow waveform. 
 

3.7 Results 

 

3.7.1 Derivation of Material Properties for the Organ-Level Model 
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Material properties of the homogeneous airway wall at the organ-level model can 

be calculated using material properties of each tissue layer and a composite-material 

theory (Barbero, 1999). 

 

cartilagecartilageSMSMamuamu EEEE ννν ++= coscos    (8) 

 

In the above equation, E  is a Young’s modulus of elasticity of the homogeneous airway 

wall, amuE cos  is a Young’s modulus of elasticity of the mucosa, SME  is a Young’s 

modulus of elasticity of the smooth muscle, cartilageE  is a Young’s modulus of elasticity of 

the cartilage, amucosν  is a volume fraction of the mucosa, SMν  is a volume fraction of the 

smooth muscle, and cartilageν  is a volume fraction of the cartilage. The volume fraction of 

each layer is a ratio of the thickness in each layer to total thickness of the airway tissue. 

 

Substituting values of the Young’s modulus of elasticity and the volume fraction 

for each layer into (8), we obtain 

 

In a circumferential direction 

( ) ( ) ( ) kPaE 7875
410

55
75

410

115
80

410

240 =++=  

 

In a longitudinal direction 
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( ) ( ) ( ) kPaE 12075
410

55
75

410

115
150

410

240 =++=  

 

As can be seen, material properties calculated from the composite-material theory were in 

good agreement with material properties at the organ-level model calculated from the 

stress-strain curve of the whole airways. 

 

3.7.2 Strain Distributions in Each Airway Layer 

 

The effect of material properties on the strain distributions in each layer was 

investigated using two material models: heterogeneous and homogeneous. The von Mises 

strain distributions in the mucosa layer for both models are shown in Figure 3.5. As can 

be seen from this figure, the distributions of von Mises strain in the mucosa layer for both 

material models were different. High von Mises strain areas from the heterogeneous 

model were smaller than those from the homogeneous model. The maximum von Mises 

strain in the mucosa layer from the heterogeneous model was lower than that for the 

homogeneous model since the mucosa layer in the heterogeneous model is stiffer than 

that in the homogeneous model. This maximum was 1.8% and 2.0% for the 

heterogeneous model and homogeneous model, respectively. 
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Mucosa strain
Homogeneous model

Heterogeneous model

 

Figure 3.5 von Mises strain distributions in the mucosa layer for the heterogeneous 
model (top) and homogeneous model (bottom). Circles indicate the difference in the 
strain distributions. 
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The maximum von Mises strain in the smooth muscle layer from the 

heterogeneous model was greater than that for the homogeneous model since the smooth 

muscle layer in the heterogeneous model is less stiff than that in the homogeneous model. 

This maximum was 2.5% and 2.2% for the heterogeneous model and homogeneous 

model, respectively. The distributions of von Mises strain in the smooth muscle layer for 

both models were also different. High von Mises strain areas from the heterogeneous 

model were bigger than those from the homogeneous model (see Figure 3.6). The von 

Mises strain distributions in the cartilage layer for both models are shown in Figure 3.7. 

The maximum von Mises strain in the cartilage layer from the heterogeneous model was 

greater than that for the homogeneous model since the cartilage layer in the 

heterogeneous model is less stiff than that in the homogeneous model. This maximum 

was 3.7% and 3.1% for the heterogeneous model and homogeneous model, respectively. 

The distributions of von Mises strain in the cartilage layer from both models were also 

different. High von Mises strain areas from the heterogeneous model were bigger than 

those from the homogeneous model. 
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Smooth muscle strain
Homogeneous model

Heterogeneous model

 

Figure 3.6 von Mises strain distributions in the smooth muscle layer for the 
heterogeneous model (top) and homogeneous model (bottom). Circle indicates the 
difference in the strain distributions. 
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Cartilage strain
Homogeneous model

Heterogeneous model

 

Figure 3.7 von Mises strain distributions in the cartilage layer for the heterogeneous 
model (top) and homogeneous model (bottom). Circle indicates the difference in the 
strain distributions. 
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The normal strain distributions in the mucosa layer for both models are shown in 

Figure 3.8. As can be seen from this figure, the distributions of normal strain in the 

mucosa layer for both material models were different. High normal strain areas from the 

heterogeneous model were smaller than those from the homogeneous model. The 

maximum normal strain in the mucosa layer from the heterogeneous model was higher 

than that for the homogeneous model. This maximum was 1.6% and 1.5% for the 

heterogeneous model and homogeneous model, respectively. The maximum normal strain 

in the smooth muscle layer from the heterogeneous model was lower than that for the 

homogeneous model. This maximum was 0.48% and 0.53% for the heterogeneous model 

and homogeneous model, respectively. The distributions of normal strain in the smooth 

muscle layer for both models were also different. High normal strain areas from the 

heterogeneous model were smaller than those from the homogeneous model (see Figure 

3.9). The normal strain distributions in the cartilage layer for both models are shown in 

Figure 3.10. The maximum normal strain in the cartilage layer from the heterogeneous 

model was higher than that for the homogeneous model since the cartilage layer in the 

heterogeneous model is less stiff than that in the homogeneous model. This maximum 

was 1.10% and 0.99% for the heterogeneous model and homogeneous model, 

respectively. The distributions of normal strain in the cartilage layer from both models 

were also different. High normal strain areas from the heterogeneous model were smaller 

than those from the homogeneous model. 
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Mucosa normal strain
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Heterogeneous model

 
 

Figure 3.8 Normal strain distributions in the mucosa layer for the heterogeneous 
model (top) and homogeneous model (bottom). Circles indicate the difference in the 
strain distributions. 
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Smooth muscle normal strain
Homogeneous model

Heterogeneous model

 

Figure 3.9 Normal strain distributions in the smooth muscle layer for the 
heterogeneous model (top) and homogeneous model (bottom). Circle indicates the 
difference in the strain distributions. 
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Cartilage normal strain
Homogeneous model

Heterogeneous model

 
Figure 3.10 Normal strain distributions in the cartilage layer for the heterogeneous 
model (top) and homogeneous model (bottom). Circle indicates the difference in the 
strain distributions. 
 
 



  70 

The shear strain distributions in the mucosa layer for both models are shown in 

Figure 3.11. As can be seen from this figure, the distributions of shear strain in the 

mucosa layer for both material models were different. High shear strain areas from the 

heterogeneous model were smaller than those from the homogeneous model. The 

maximum shear strain in the mucosa layer from the heterogeneous model was lower than 

that for the homogeneous model since the mucosa layer in the heterogeneous model is 

stiffer than that in the homogeneous model. This maximum was 2.1% and 2.3% for the 

heterogeneous model and homogeneous model, respectively. The maximum shear strain 

in the smooth muscle layer from the heterogeneous model was greater than that for the 

homogeneous model since the smooth muscle layer in the heterogeneous model is less 

stiff than that in the homogeneous model. This maximum was 1.9% and 1.8% for the 

heterogeneous model and homogeneous model, respectively. The distributions of shear 

strain in the smooth muscle layer for both models were also different. High shear strain 

areas from the heterogeneous model were bigger than those from the homogeneous 

model (see Figure 3.12). The shear strain distributions in the cartilage layer for both 

models are shown in Figure 3.13. The maximum shear strain in the cartilage layer from 

the heterogeneous model was greater than that for the homogeneous model since the 

cartilage layer in the heterogeneous model is less stiff than that in the homogeneous 

model. This maximum was 2.8% and 2.6% for the heterogeneous model and 

homogeneous model, respectively. The distributions of shear strain in the cartilage layer 

from both models were also different. High shear strain areas from the heterogeneous 

model were bigger than those from the homogeneous model. 
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Mucosa shear strain
Homogeneous model

Heterogeneous model

 
 

Figure 3.11 Shear strain distributions in the mucosa layer for the heterogeneous model 
(top) and homogeneous model (bottom). Circle indicates the difference in the strain 
distributions. 
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Smooth muscle shear strain
Homogeneous model

Heterogeneous model

 

Figure 3.12 Shear strain distributions in the smooth muscle layer for the heterogeneous 
model (top) and homogeneous model (bottom). Circle indicates the difference in the 
strain distributions. 
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Cartilage shear strain
Homogeneous model

Heterogeneous model

 
Figure 3.13 Shear strain distributions in the cartilage layer for the heterogeneous model 
(top) and homogeneous model (bottom). Circle indicates the difference in the strain 
distributions. 
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3.8 Discussion 

 

The computational model that incorporates the heterogeneity of the airways was 

developed to study strain distributions in each airway layer since it is very difficult to 

measure the distributions of strains in real tissue due to thickness of each layer in the 

airways is very thin. The effect of the material model on strain distributions in each 

airway layer was investigated using heterogeneous and homogeneous material models. 

The simulation results showed that the material model highly affected a pattern of the 

strain distributions in the airway. The material model also affected the maximum strain in 

each airway layer. Overall, the homogeneous material model overestimated the maximum 

strain level in the mucosa layer about 11% and underestimated the maximum strain level 

about 12% and 16% in the smooth muscle and cartilage layer, respectively. It is very 

interesting to note that there were both normal and shear strain components in each layer 

although the airway displacement from the organ-level model was in the normal 

direction. 

Strain level in the airway can activate neutrophils via release of interleukin (IL)-8 

without cell injury. The experiment in alveolar epithelial cells showed that cells with 10-

15% linear strain released IL-8 about 8-49% more than the normal cells (Vlahakis et al., 

1999). Strain level also acted synergistically with activated eosinophils to induce 

upregulation of gene in airway remodeling in diseases such as asthma (Choe et al., 2003; 

Haseneen et al., 2002). In addition, strain caused cell injury (Tschumperlin and 

Margulies, 1998; Tschumperlin et al., 2000), apotosis (Hammerschmidt et al., 2004), and 
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necrosis (Hammerschmidt et al., 2004). Therefore, it is very important to incorporate the 

heterogeneity of the airway into the computational model at the tissue level so that the 

strain level in each airway layer can be accurately obtained. 

 

3.9 Summary 

 

The tissue-level model was developed to study the strain distributions in each 

layer of the airway tissue. The geometry and boundary conditions of the tissue-level 

model were obtained from the organ-level model. The finite element method was chosen 

to solve the continuum model used to describe the distributions of strain in the airway 

tissue. The effect of material properties on the strain distributions was investigated 

assuming that the airway tissue is either heterogeneous or homogeneous. The simulation 

results showed that the homogeneous model overestimated the maximum strain in the 

mucosa layer; however the homogeneous model underestimated the maximum strain in 

the smooth muscle and cartilage layers. Since the strain levels from the tissue-level model 

is transferred to the cellular-level model for studying inflammatory responses in cellular 

level, it is important to treat the airway tissue as a heterogeneous material when 

distributions of strain in each layer were considered. 
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CHAPTER 4 Cellular-Level Models 

 

4.1 Introduction 

 

Inflammation is complex responses of the organism to the pathogens, damage 

cells or irritants. It involves immune cells and various cells within the injured tissues. 

Without the inflammation, the harmful stimuli cannot be removed and the healing process 

cannot be occurred. However, an overexpression or underexpression of inflammatory 

responses can cause a problem. Patients with immunodeficiency diseases can have 

recurrent or overwhelming infections since one or more components of the immune 

system are defective. On the other hand, if the immune responses are too strong or occur 

in the absence of infection they can cause tissue damage, which can lead to autoimmune 

diseases. Many mathematical models have been developed to describe inflammatory 

responses to pathogens (Day et al., 2006; Hancioglu et al., 2007; Kumar et al., 2004; 

Reynolds et al., 2006). However, there is one big flaw in those models. The encounter of 

pathogens and immune cells was assumed to be occurred uniformly throughout the tissue. 

The encounter in real situation is not uniform for the whole tissue. Some parts of the 

tissue might have the encounter and some parts might not. The computational model that 
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takes this issue into account would help physicians or researchers better understand 

inflammatory responses in human body. 

In this chapter, the discrete model that incorporates all biophysical processes 

during inflammatory responses is developed. The details of the discrete model for the 

cellular-level model are also discussed. The results from the model are validated against 

other computational models and the possible outcomes of the results are discussed. 

 

4.2 Inflammatory Responses 

 

The inflammation process in the airways begins by an encounter of the pathogens 

or damage cells with macrophages. The encounter will trigger macrophages to release 

proinflammatory cytokines, a protein that can cause vasodilation and increase the 

permeability of blood vessels. Vasodilation and increase blood vessel permeability 

induces responses that are collectively known as inflammation: heat, redness, pain, and 

swelling (Janeway et al., 1999). Cytokines also stimulate neighboring cells to secrete the 

chemoattractant of other inflammatory cells; e.g. macrophages and neutrophils. The 

activated inflammatory cells release cytotoxic mediators that can kill pathogen or damage 

cells. Not only can these cytotoxic mediators kill pathogen but it also can damage healthy 

epithelial cells. During mechanical ventilation, stresses and strains in the airways act 

synergistically with the inflammatory processes and increases inflammatory cell 

recruitment, neutrophils, through releasing of proinflammatory cytokines, e.g., 

interleukin (IL)-8 (Okada et al., 1998; Pugin et al., 1998; Pugin and Oudin, 2006; 
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Vlahakis et al., 1999). The cytotoxic mediators releasing by activated neutrophils can 

damage healthy epithelial cells. These damage cells can then induce more inflammation 

(Jaeschke and Smith, 1997). 

 

4.3 Inflammatory Responses Models 

 

4.3.1 Inflammatory Responses due to Pathogen 

 

Although the coagulation and inflammatory responses are related, the 

inflammatory responses were only modeled in the research. The inflammatory responses 

model at the cellular level was developed implementing the cellular automata (CA) 

model. The CA model was composed of two species: epithelial cell and immune cell. The 

pathogen was not explicitly considered but it was modeled as spreading directly from one 

epithelial cell to another. The CA model was constructed on two-dimensional square 

lattice where each lattice site represented one epithelial cell (see Figure 4.1). The immune 

cell was mobile and can move from one lattice to another. Therefore, the square lattice 

was like the tissue of immobile epithelial cells which is patrolled by the mobile immune 

cells. The CA was updated synchronously based on specific rules. The boundary 

conditions for both epithelial and immune cells were periodic boundary, i.e., an immune 

cell moving off from one edge of the lattice was reintroduced at the opposite edge and an 

infectious epithelial cell at one edge can infect a healthy epithelial cell at the opposite 

edge. Finally, neighborhood of the lattice was defined as eight closest lattice sites, i.e., 
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Moore neighborhood (see Figure 4.1). Details of the CA rules for each species were 

derived from the inflammatory processes in human body and are described below. 

 

 

 

Figure 4.1 (a) Two-dimensional square lattice used for the inflammatory responses 
model. (b) Moore neighborhood (dark) of each lattice site (white) 
 

An epithelial cell can be in any of six states: healthy, containing, expressing, 

infectious, damage, and dead (see Figure 4.2). Transition of each state occurs as follows: 

• Rule 1: A healthy cell becomes a containing cell with probability IP  

( ) IN
II PP 111 −−=  

where IP1  is a probability that one infectious cell can infect a healthy cell and IN  is a 

number of an infectious cell in the neighborhood. 

• Rule 2: An containing cell becomes an expressing cell after being infected for 

EXPRESST  time steps 
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• Rule 3: An expressing cell becomes an infectious cell after being infected for 

INFECTIOUST  time steps 

• Rule 4: An infectious cell becomes a dead cell when it is older than its life span IL  

• Rule 5: A healthy cell becomes a dead cell when it is older than its life span HL  

• Rule 6: A dead cell becomes a healthy cell after DIVISIONT  time steps if there is at lease 

one healthy cell in the neighborhood 

• Rule 7: A healthy cell becomes a damage cell if there are at least DN  immune cells in 

the neighborhood 

• Rule 8: An expressing, infectious, and damage cell becomes a dead cell with 

probability 

( ) ACN
PHPH PP 111 −−=  

where PHP1  is a probability that one activated immune cell can phagocyte other cells and 

ACN  is a number of an activated immune cell in the neighborhood. 
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Figure 4.2 Possible states of an epithelial cell during inflammatory responses due to 
pathogen 

 

An immune cell can be in any of three states: inactivated, activated, and dead (see 

Figure 4.3). An inactivated immune cell is an immune cell that has no specificity. An 

activated immune cell is an immune cell that has encountered an expressing, infectious, 

or damage cell or has been recruited by another activated immune cell. Transition of each 

state occurs as follows: 

• Rule 9: An inactivated immune cell becomes an activated immune cell and start 

recruiting activated immune cells with the recruitment rates Rθ  and DELAYT  when it is 

in the neighborhood of an expressing, infectious, or damage cell 

• Rule 10: An activated immune cell becomes a dead immune cell when it is older than 

its lifespan ACL  
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• Rule 11: An inactivated immune cell becomes a dead immune cell when it is older 

than its lifespan INACL  

dead

inactivated

Rule #10

Rule #9

Rule #11

activated

 

Figure 4.3 Possible states of an immune cell during inflammatory responses due to 
pathogen 
 

4.3.2 Inflammatory Responses due to Strain Levels 

 

The inflammatory responses due to strain levels during mechanical ventilation 

was developed implementing the cellular automata (CA) model. The CA model was 

composed of two species: epithelial cell and immune cell. The CA model was constructed 

on two-dimensional square lattice where each lattice site represented one epithelial cell 

(see Figure 4.1). The immune cell was mobile and can move from one lattice to another. 

Therefore, the square lattice was like the tissue of immobile epithelial cells which was 

patrolled by the mobile immune cells. The CA was updated synchronously based on 

specific rules. The boundary conditions for both epithelial and immune cells were 

periodic boundary, i.e., an immune cell moving off from one edge of the lattice was 
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reintroduced at the opposite edge. Finally, neighborhood of the lattice was defined as 

eight closest lattice sites, i.e., Moore neighborhood (see Figure 4.1). Details of the CA 

rules for each species experiencing strain levels during mechanical ventilation are 

described below. 

An epithelial cell can be in any of three states: healthy, damage, and dead (see 

Figure 4.4). Transition of each state occurs as follows: 

• Rule 1: A healthy cell becomes a dead cell when it is older than its life span HL  

• Rule 2: A dead cell becomes a healthy cell after DIVISIONT  time steps if there is at lease 

one healthy cell in the neighborhood 

• Rule 3: A healthy cell becomes a damage cell if there are at least DN  immune cells in 

the neighborhood 

• Rule 4: A damage cell becomes a dead cell with probability 

( ) ACN
PHPH PP 111 −−=  

where PHP1  is a probability that one activated immune cell can phagocyte other cells and 

ACN  is a number of an activated immune cell in the neighborhood. 
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Figure 4.4 Possible states of an epithelial cell during inflammatory responses due to 
strain levels 
 

An immune cell can be in any of three states: inactivated, activated, and dead (see 

Figure 4.5). An inactivated immune cell is an immune cell that has no specificity. An 

activated immune cell is an immune cell that has encountered a damage cell or has been 

recruited by another activated immune cell. Transition of each state occurs as follows: 

• Rule 5: An inactivated immune cell becomes an activated immune cell and start 

recruiting activated immune cells with the recruitment rates Rθ  and DELAYT  when it is 

in the neighborhood of a damage cell.  

• Rule 6: An activated immune cell becomes a dead immune cell when it is older than 

its lifespan ACL  

• Rule 7: An inactivated immune cell becomes a dead immune cell when it is older than 

its lifespan INACL  
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Figure 4.5 Possible states of an immune cell during inflammatory responses due to 
strain levels 
 

4.4 Method of Analysis 

4.4.1 Inflammatory Responses due to Pathogen 

 

The CA rules described in the section 4.3.1 were implemented using MATLAB. 

The simulation was performed on a lattice of 100 ×  100 sites which represented a tissue 

area of 2 ×  2 mm2 (Segovia-Juarez et al., 2004). The initial population of immune cells 

was 200 cells. This value represents the normal level of immune cells in our body 

(Segovia-Juarez et al., 2004). The periodic boundary conditions were used for the 

simulation. The initial conditions were one containing cell at the center of the lattice sites 

with randomly placed immune cells. Only one immune cell can occupy one lattice site. 

Each epithelial cell was randomly assigned its lifespan. The simulations were carried out 

with the following physiological assumptions: 1) only healthy epithelial cells are able to 

divine and 2) Immune cells cannot be infected. 
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The default parameters for the rules are tabulated in Table 4.1. As can be seen 

from this table, there is no values for IP1  and PHP1 . The parameter IP1  represents the 

possibility that pathogen can penetrate into the epithelial cell and it strongly depends on 

the pathogen type. The parameter PHP1  represents the possibility that an activated 

immune cell can phagocytose the pathogen and it strongly depends on the affinity to the 

pathogen strain. For this reason, the ratio of IP1  to PHP1  was varied in the analysis to see 

the effect of these two parameters on the outcome on inflammatory responses. One 

simulation time step corresponds to 4-h real time. 
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Table 4.1 Parameters for the CA model of inflammatory responses due to pathogen 
from Beauchemin et al (2005) 
 

Parameters Values Description 

TEXPRESS 4 h Delay from containing to express 

TINFECTIOUS 8 h Delay from containing to infectious 

TDIVISION 12 h Duration of an epithelial cell division 

TDELAY 8 h 
Delay between recruitment call and adding new activated 

immune cells 

LH 380 h A healthy epithelial cell lifespan 

LI 24 h An infected epithelial cell lifespan 

LAC 168 h An activated immune cell lifespan 

LINAC 2400 h An inactivated immune cell lifespan 

ND 5 Number of immune cells that can damage a healthy epithelial 

θR 25 
Number of immune cells recruited after the encounter of 

pathogen and an immune cell 

 

4.4.2 Inflammatory Responses due to Strain Levels 

 

The CA rules described in the section 4.3.2 were implemented using MATLAB. 

The simulation was performed on a lattice of 100 ×  100 sites which represented a tissue 

area of 2 ×  2 mm2 (Segovia-Juarez et al., 2004). The initial population of immune cells 

was 200 cells. This value represents the normal level of immune cells in our body 
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(Segovia-Juarez et al., 2004). The periodic boundary conditions were used for the 

simulation. The initial conditions were randomly placed immune cells. Only one immune 

cell can occupy one lattice site. Each epithelial cell was randomly assigned its lifespan. 

The simulations were carried out with the following physiological assumptions: 1) only 

healthy epithelial cells are able to divine and 2) Strain levels do not affect inactivated 

immune cells. The default parameters for the rules are tabulated in Table 4.2. One 

simulation time step corresponds to 4-h real time. 

To investigate an effect of strain level on the outcome on inflammatory responses, 

the strain level was varied in the analysis within ranges of 0.5-66%. These ranges 

represented the strain level occurring in airway generation 3 to 5 and the alveoli sac. The 

effect of strain level from mechanical ventilation on increase in an activated immune cell 

(neutrophil) can be calculated as follows. 

Relationship between increase in IL-8 and strain level (Vlahakis et al., 1999) 

(%) level Strain 3.14 (%) 8-IL in Increase ×=  

 Relationship between increase in activated immune cell (neutrophil) and increase 

in IL-8 (Nassif et al., 1997) 

(%) 8-IL in Increase 0.13 (%) neutrophil in Increase ×=  
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Table 4.2 Parameters for the CA model of inflammatory responses due to strain level 
from Beauchemin et al (2005) 
 

Parameters Values Description 

TDIVISION 12 h Duration of an epithelial cell division 

TDELAY 8 h 
Delay between recruitment call and adding new activated 

immune cells 

LH 380 h A healthy epithelial cell lifespan 

LAC 168 h An activated immune cell lifespan 

LINAC 2400 h An inactivated immune cell lifespan 

ND 5 Number of immune cells that can damage a healthy epithelial 

θR 25 
Number of immune cells recruited after the encounter of 

pathogen and an immune cell 

 

4.5  Results 

 

4.5.1 Inflammatory Responses due to Pathogen 

 

For all results shown, at least 50 simulations have been carried out in order to give 

general results of the parameter set. There are four possible outcomes in response to the 

value of the parameter set. Each outcome corresponds to a clinical condition. Figure 4.6 

shows results corresponding to a healthy response to the infection (first outcomes). As 

can be seen from this figure, the infected cell at the center lattice spread to other healthy 
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epithelial cells with increasing time step. The immune cells at this time step concentrated 

in the infection regions. As time steps progressed, the ring of the infection regions was 

broken into many small regions due to an infiltration of immune cells. The immune cells 

at this time step still concentrated in small infection areas. Once immune cells 

phagocytosed all pathogen, immune cells spread all over the entire lattice and returned to 

a normal value. 

The number of healthy, infected, damage, dead, and immune cells as a function of 

time step is shown in Figure 4.7. Infected cells increased and reached a maximum level. 

At the same time, healthy cells decreased and reached a minimum level. Immune cells 

rapidly started increasing and reached a maximum level. The increase of the immune 

cells increased a probability that immune cells can phagocyte infected cells. For this 

reason, infected cells rapidly decreased and dead cells started increasing. As time steps 

increased, an infected and dead cell became zero as well as a healthy and immune cell 

returned to the original value. This outcome occurred when the ratio of IP1  to PHP1  was 

less than 1.2. In this case, the possibility that immune cells can phagocytose pathogen 

was higher that the possibility that pathogen can penetrate into epithelial cells. 
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Figure 4.6 Simulation results of the CA model corresponding to the healthy outcome 
after 1 (top left), 17 (top right), 29 (bottom left), and 100 (bottom right) time steps. 
White: immune; Blue: healthy; Turquoise: containing; Green: expressing; Red: 
infectious; Yellow: damage; Black: dead 



  92 

9400

9600

9800

10000

0 20 40 60 80 100

Timestep

H
ea

lth
y 

ce
ll

0
20
40
60
80

100

0 20 40 60 80 100

Timestep

In
fe

ct
ed

 c
el

l

0
2
4
6
8

10

0 20 40 60 80 100

Timestep

D
am

ag
e 

ce
ll

0

200

400

600

0 20 40 60 80 100

Timestep

D
ea

d 
ce

ll

0
100
200
300
400

0 20 40 60 80 100

Timestep

Im
m

un
e 

ce
ll

 

Figure 4.7 The number of healthy, infected, damage, dead, and immune cells as a 
function of time step corresponding to the healthy outcome 
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In a second case, the outcome is related to the state of persistent infectious 

inflammation, where the inflammatory responses is high but the pathogen still cannot be 

cleared. Figure 4.8 shows responses of this case a function of time. The infected cell at 

the center lattice spread to other healthy epithelial cells with increasing time step. The 

immune cells at this time step concentrated in the infection regions. As time steps 

progressed, the ring of the infection regions was broken into many small regions due to 

an infiltration of immune cells. The immune cells at this time step still concentrated in 

small infection areas. However, the immune cells cannot digest all pathogen. The number 

of infected cells increased with increasing time step. The number of healthy, infected, 

damage, dead, and immune cells as a function of time step is shown in Figure 4.9. 

Infected cells increased and reached a maximum level. At the same time, healthy cells 

decreased and reached a minimum level. Immune cells rapidly started increasing and 

reached a maximum level. The increase of the immune cells increased a probability that 

immune cells can phagocyte infected cells; however it was not enough to get rid of the 

pathogen. For this reason, infected cells decreased and dead cells started increasing. As 

time steps increased, infected, dead, and immune cells stayed at the high value and never 

returned to the original value. This outcome occurred when the ratio of IP1  to PHP1  was 

higher than 1.2 or the recruit rate θR was less than 25. In this case, the possibility that 

immune cells can phagocytose pathogen was lower that the possibility that pathogen can 

penetrate into epithelial cells due to a low affinity to pathogen strain of immune cells or 

weak inflammatory responses. 
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Figure 4.8 Simulation results of the CA model corresponding to the persistent 
infectious inflammation outcome after 1 (top left), 10 (top right), 30 (bottom left), and 
100 (bottom right) time steps. White: immune; Blue: healthy; Turquoise: containing; 
Green: expressing; Red: infectious; Yellow: damage; Black: dead 
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Figure 4.9 The number of healthy, infected, damage, dead, and immune cells as a 
function of time step corresponding to the persistent infectious inflammation outcome 
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Figure 4.10 shows responses of the outcome when the pathogen is cleared but the 

immune cells remain elevated, persistent non-infectious inflammation. The infected cell 

at the center lattice spread to other healthy epithelial cells with increasing time step. The 

immune cells at this time step concentrated in the infection regions. As time steps 

progressed, the immune cells can digest the pathogen. However, the immune cells caused 

damage cells. These damage cells induced more immune cells and caused a concentration 

of immune cells in one area. The damage cells and immune cells increased with 

increasing time step. The number of healthy, infected, damage, dead, and immune cells as 

a function of time step is shown in Figure 4.11. Infected cells increased and reached a 

maximum level. At the same time, healthy cells decreased and reached a minimum level. 

Immune cells rapidly started increasing and reached a maximum level. The increase of 

the immune cells increased a probability that immune cells can phagocyte infected cells; 

however, it damaged healthy epithelial cells. For this reason, infected cells decreased and 

dead cells started increasing. As time steps increased, and immune cells stayed at the high 

value and never returned to the original value. This outcome occurred when the recruit 

rate θR was higher than 30. In this case, the possibility that immune cells can phagocytose 

pathogen was higher that the possibility that pathogen can penetrate into epithelial cells 

due to strong inflammatory responses. 
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Figure 4.10 Simulation results of the CA model corresponding to the persistent non-
infectious inflammation outcome after 1 (top left), 12 (top right), 20 (bottom left), and 
100 (bottom right) time steps. White: immune; Blue: healthy; Turquoise: containing; 
Green: expressing; Red: infectious; Yellow: damage; Black: dead 
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Figure 4.11 The number of healthy, infected, damage, dead, and immune cells as a 
function of time step corresponding to the persistent non-infectious inflammation 
outcome 
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The last outcome represented the clinical state of immuno-deficiency, which has 

been observed in immuno-suppressed patient population such as HIV patients, the 

elderly, and patients with organ transplant (Schultz et al., 2001). The infected cell at the 

center lattice spread to other healthy epithelial cells with increasing time step; however, 

the immune cells remained low (see Figure 4.12). The number of healthy, infected, 

damage, dead, and immune cells as a function of time step is shown in Figure 4.13. 

Infected cells increased with increasing time step. Healthy cells decreased and immune 

cells remained at the low level with increasing time step. This outcome occurred when 

the recruit rate θR was lower than 10. In this case, the possibility that immune cells can 

phagocytose pathogen was lower that the possibility that pathogen can penetrate into 

epithelial cells due to weak inflammatory responses. 
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Figure 4.12 Simulation results of the CA model corresponding to the immuno-deficiency 
outcome after 1 (top left), 11 (top right), 50 (bottom left), and 100 (bottom right) time 
steps. White: immune; Blue: healthy; Turquoise: containing; Green: expressing; Red: 
infectious; Yellow: damage; Black: dead 
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Figure 4.13 The number of healthy, infected, damage, dead, and immune cells as a 
function of time step corresponding to the immuno-deficiency outcome 
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4.5.2 Inflammatory Responses due to Strain Levels 

 

For all results shown, at least 50 simulations have been carried out in order to give 

general results of the parameter set. The strain level was assumed to uniformly distribute 

throughout lattices. There are two possible outcomes in response to the value of the 

parameter set: healthy and tissue injury. In the healthy outcome, the immune cells 

distributed randomly over lattice space with increasing time step. There was no damage 

cell due to activated immune cells (see Figure 4.14). The number of healthy, damage, 

dead, and immune cells as a function of time step is shown in Figure 4.15. As can be seen 

from this figure, the number of immune cells increased, reached a maximum level, and 

stayed at that level, or remained constant with increasing time. No damage cell existed 

for the healthy outcome. This outcome occurred when the strain level was lower than 

54%. In this case, the strain level was not high enough to recruit more activated immune 

cells to damage healthy cells. 
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Figure 4.14 Simulation results of the CA model corresponding to the healthy outcome 
after 1 (top left), 60 (top right), 120 (bottom left), and 180 (bottom right) time steps. 
White: immune; Blue: healthy; Yellow: damage; Black: dead 
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Figure 4.15 The number of healthy, damage, dead, and immune cells as a function of 
time step corresponding to the healthy outcome 
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Figure 4.16 shows response of the tissue injury outcome. The number of immune 

cells increased with increasing time step. This increase in activated immune cells 

damaged healthy cells. These damage cells in turn induced more activated immune cells. 

The number of healthy, damage, dead, and immune cells as a function of time step is 

shown in Figure 4.17. As can be seen from this figure, the number of immune cells 

increased, reached a maximum level, and stayed at that level. This increase in immune 

cells caused damage cells to dramatically increase. The tissue injury outcome occurred 

when the strain level was at least 54%. 
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Figure 4.16 Simulation results of the CA model corresponding to the tissue injury 
outcome after 1 (top left), 60 (top right), 120 (bottom left), and 180 (bottom right) time 
steps. White: immune; Blue: healthy; Yellow: damage; Black: dead 
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Figure 4.17 The number of healthy, damage, dead, and immune cells as a function of 
time step corresponding to the tissue injury outcome 
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The simulation has been performed to investigate the effect of strain level 

distributions on inflammatory responses. The strain level of 65% was applied on a square 

area of 40 ×  40 cell2, which was in the center of the lattice. There was no strain level on 

the rest of the lattices. The activated immune cells started concentrating in the area 

having the strain level with increasing time step. There was no concentration of the 

activated immune cells in the no-strain area. The concentration of the activated immune 

cells in the strain-level area caused more damage cells with increasing time step and 

eventually caused the tissue injury outcome (see Figure 4.18). The number of healthy, 

damage, dead, and immune cells as a function of time step is shown in Figure 4.19. As 

can be seen from this figure, the number of immune cells increased, reached a maximum 

level, and stayed at that level. This increase in immune cells caused damage cells to 

dramatically increase. However, the responses of this case was slower than the uniformly 

distribute case. 
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Figure 4.18 Simulation results of the CA model corresponding to the non-uniformly 
distributed strain level case after 1 (top left), 180 (top right), 230 (bottom left), and 300 
(bottom right) time steps. White: immune; Blue: healthy; Yellow: damage; Black: dead 
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Figure 4.19 The number of healthy, damage, dead, and immune cells as a function of 
time step corresponding to the non-uniformly distributed strain level case 
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4.5.3 Effect of Strain Levels on Inflammatory Responses due to Pathogen 

 

Since the strain levels during mechanical ventilation can act synergistically with 

the inflammatory processes and increases inflammatory cell recruitment, neutrophils, 

through releasing of proinflammatory cytokines, e.g., interleukin (IL)-8 (Okada et al., 

1998; Pugin et al., 1998; Pugin and Oudin, 2006; Vlahakis et al., 1999), the simulation 

has been carried out to investigate the effect of the strain levels on inflammatory 

responses due to pathogen. The strain levels of 0.5-66% were applied to the whole tissue 

and the ratio of IP1  to PHP1  was varied from 0.1-2.0. The possible outcomes are shown in 

Table 4.3. As can be seen from the table, high strain level caused the outcome to change 

from healthy to persistent non-infectious inflammation when the ratio of IP1  to PHP1  was 

lower than 1.2 and caused the outcome to change from persistent infectious inflammation 

to persistent non-infectious inflammation when the ratio of IP1  to PHP1  was higher than 

1.2. 
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Table 4.3 The effect of strain levels from mechanical ventilation on inflammatory 
responses due to pathogen 
 

P1I/P1PH Strain levels Outcome 

 No strain Healthy 

Less than 1.2 Less than 52% Healthy 

 More than 52% Persistent non-infectious inflammation 

 No strain Persistent infectious inflammation 

More than 1.2 Less than 52% Persistent infectious inflammation 

 More than 52% Persistent non-infectious inflammation 

 

4.6 Discussion 

 

The inflammatory responses are complex processes that include many immune 

cells and various cells within the injured tissues. Without the inflammation, the harmful 

stimuli cannot be removed and the healing process cannot be occurred. Many 

computational models based on ordinary differential equation (ODE) have been 

developed to better understand the inflammatory responses at the cellular level. However, 

when the inflammatory responses are described by ODE, the inflammatory responses are 

assumed to be homogeneous in space and the effect of spatial characteristics on 

inflammatory responses is neglected. In this chapter, the inflammatory responses at the 

cellular was developed using a discrete model, a cellular automata (CA). The 

inflammatory responses due to pathogen from the CA model were similar to those in 
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clinical situation and were qualitatively similar to those from the ODE model of the acute 

inflammation (Kumar et al., 2004) and the agent-based model of the acute inflammatory 

response (An, 2004) developed by other researchers. 

The simulation results from the CA model for inflammatory responses due to 

strain levels confirmed the previous experiment that high strain levels from mechanical 

ventilation can cause tissue injury due to high concentration of activated immune cells 

that are attracted by increase in level of cytokine, IL-8 (Belperio et al., 2002). The 

simulation results also suggested the possible reason why there was no tissue injury at the 

upper airway and there was tissue injury at the lower airway and alveoli during 

mechanical ventilation in an animal model (Frank et al., 2002). The upper airway 

experienced low strain levels, which was not high enough to cause more inflammatory 

cells to migrate to the tissue. However, there were high strain levels at the lower airway 

generation. These high strain levels induced more inflammatory cells to migrate to the 

tissue. The cytotoxic mediators releasing by inflammatory cells can damage healthy 

epithelial cells and these damage epithelial cells in turn induced more inflammation 

(Jaeschke and Smith, 1997). The cellular-level model developed in this chapter could 

provide useful information about how strain levels from mechanical ventilation affects 

the inflammatory responses so that physicians can adjust each parameter appropriately 

during mechanical ventilation to prevent VALI. 
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4.7 Summary 

 

The cellular-level model was developed in this chapter implementing the cellular 

automata (CA) model. Two species were considered: epithelial cell and immune cell. An 

epithelial cell was a stationary species and was represented by two-dimensional square 

lattice. An immune cell was a mobile species and can move throughout the lattice. The 

rules for the CA model were based on the previous experiments. The inflammatory 

responses due to pathogen and strain level were investigated using the CA model. The 

simulation results showed that the CA model can provide the outcome that have been 

seen in clinical practice and animal models. Healthy response due to pathogen can be 

obtained when the possibility that pathogen can penetrate into epithelial cells was very 

low. In contrast, persistent infectious inflammation responses occurred when the 

possibility that pathogen can penetrate into epithelial cells was very high. Persistent non-

infectious inflammation responses occurred when the inflammatory responses were too 

strong and immuno-deficiency responses occurred when the inflammatory responses 

were too weak. High strain levels (more than 52%) can cause tissue injury without 

pathogen and can cause inflammatory responses due to pathogen to change from any 

condition to persistent non-infectious inflammation. 
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CHAPTER 5 Integration from Cells to Organ 

 

5.1 Introduction 

 

Inflammatory responses in the airway induced by mechanical ventilation are 

complex processes dealing with a length scale that ranges from ~ 1 nm for cytokine 

proteins to ~ 1 cm for the airway. Responses in one length scale highly depend on 

responses in another length scale. Airway displacements from the organ level affect the 

distributions of stresses and strains in the tissue level. These stresses and strains in the 

tissue level affect the level of proinflammatory cytokines (Pugin and Oudin, 2006) at the 

cellular level. The inflammatory responses at the cellular level, in turn, alter the 

mechanical properties of airway tissue in the tissue level; e.g., stiff smooth muscle layer 

in the asthma airway (Ma et al., 2002). The alteration of material properties of airway 

tissue leads to a change in material properties of the airway in the organ level. It is clear 

that no single model can cover a factor of 107 in a spatial scale. A practical approach is to 

develop many models that cover a limit range of the spatial scale and to develop a 

technique that links these models together to investigate airway inflammation induced by 

mechanical ventilation. 
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In this chapter the procedures for developing the multiscale model from the 

organ-level, tissue-level, and cellular-level models are described. Applications of the 

multiscale model of the airway for inflammatory responses during mechanical ventilation 

are demonstrated through case studies. 

 

5.2 Multiscale Model of the Airways 

 

The multiscale modeling framework developing in this research uses the organ-

level model to drive inflammatory responses at the cellular level. The inflammatory 

responses from the cellular-level model, in turn, modulate changes in material properties 

at tissue and organ levels (see Figure 5.1). During each specific time step, the airway 

displacements at each location in the organ-level model are first determined by 

performing a finite element analysis with the FSI algorithm. The results of the airway 

displacements at each node of the organ-level model are then used to define the applied 

boundary conditions for the tissue-level model. Strains in each tissue layer are calculated 

employing the finite element analysis. These strains in each layer are then transferred to 

the cellular-level model. Change in the recruiting rate of the activated immune cells is 

associated with the transferred strains from the tissue-level model. 

The number of healthy and damage cells from the cellular-level model, in turn, 

affects the material properties of the airway tissue at the tissue-level model. The changes 

in material properties at the tissue-level model are then transferred to the organ-level 

model. The airway displacements at each location in the organ-level model are then 



  117 

determined using these new material properties. These procedures are repeated until the 

specific time period is reached. 

Organ level model
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MucosaSmooth 
muscle
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Change in 
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Figure 5.1 Multiscale modeling framework for airway inflammation induced by 
mechanical ventilation 
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5.3 Method of Analysis 

 

The multiscale modeling framework described in the earlier section was 

employed to investigate inflammatory responses at the alveolar sac during mechanical 

ventilation. The simplified model of the alveolar sac illustrated in Chapter 2 was chosen 

for the analysis. The alveolar sac has a diameter of 500 µm (see Figure 5.2). The alveolar 

duct diameter was 200 µm and the entrance length was 100 µm (Dailey and Ghadiali, 

2007). Thickness of the alveolar sac is 0.3 µm (Lumb, 2005). The alveolar sac was 

assumed to be homogeneous and isotropic material with the Young’s modulus of 80 kPa 

(Yamada, 1970) and Poisson’s ratio of 0.45 (Prakash and Hyatt, 1978). The alveolar sac 

is composed mainly of a single layer of an alveolar epithelium. For this reason, the tissue-

level model for the alveolar sac consisted of only one layer of the alveolar epithelium. 

The Young’s modulus of elasticity of the alveolar wall was 80 kPa (Yamada, 1970) and 

Poisson’s ratio was 0.45 (Prakash and Hyatt, 1978). The boundary conditions at the 

tissue-level model were airway displacements at each location from the organ-level 

model. The strain levels in the epithelial layer from the tissue-level model are then used 

to study inflammatory responses at the cellular level. The cellular automata (CA) model 

for inflammatory responses due to strain levels were implemented using MATLAB. The 

simulation was performed on a lattice of 44 ×  44 sites which represented a tissue area of 

0.88 ×  0.88 mm2 (Segovia-Juarez et al., 2004), a total surface area of the simplified 

alveolar sac model. The initial population of immune cells was 40 cells. This value 

represents the normal level of immune cells in our body (Segovia-Juarez et al., 2004). 
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The periodic boundary conditions were used for the simulation. The initial conditions for 

the CA model were randomly placed immune cells. Only one immune cell can occupy 

one lattice site. Each epithelial cell was randomly assigned its lifespan. The simulations 

were carried out with the following physiological assumptions: 1) only healthy epithelial 

cells are able to divine and 2) Strain levels do not affect inactivated immune cells. 

The ratio of the number of damage cells to healthy cells was obtained through the 

CA model of cellular inflammatory responses. This ratio, in turn, affected the change in 

the Young’s modulus of elasticity of the alveolar sac tissue. The stiffness for the injured 

tissue was about 25% less than that of the normal tissue (Makhsous et al., 2006). The 

decrease in the stiffness of the injured tissue was assumed to be proportional to the ratio 

of the number of damage cells to healthy cells. The simulations were carried out to 

investigate the cellular inflammatory responses during mechanical ventilation. The time 

steps for the organ- and cellular-level models were 0.5 s and 4 h, respectively. The 

coupling time between the organ-level, tissue-level, and cellular-level models was 4 h. 

Figure 5.2 shows the computational domains and exchanging information between the 

organ-, tissue-, and cellular-level models for an investigation of inflammatory responses 

at the alveolar sac during mechanical ventilation. 
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Figure 5.2 A schematic diagram of the multiscale model of inflammatory responses at 
the alveolar sac during mechanical ventilation based on the multiscale modeling 
framework 
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The simulations were carried out to investigate inflammatory responses at the 

alveolar sac during mechanical ventilation. Due to computational intensive, the 

simulations were performed until 100 iterations of coupling time, about 400-h real time. 

The flow waveform from mechanical ventilation was a constant flow waveform with 

flow rate of 60 l/min. Three different mechanical ventilation settings were chosen for the 

analyses. The first setting was 1400-cc tidal volume during mechanical ventilation 

(1400cc case). The second setting was 700-cc tidal volume during mechanical ventilation 

(700cc case). For the 1400- and 700-cc tidal volume settings, the simulations were 

performed until 100 iterations of coupling time with the constant tidal volume. The last 

setting was tidal volume of 1400 cc for 60 iterations of coupling time and then switched 

to 700-cc tidal volume for 40 iterations of coupling time (1400/700cc case). Figure 5.3 

shows the different flow waveforms that were used for the analyses. 
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Figure 5.3 The flow waveforms that were used for the analyses of cellular 
inflammatory responses at the alveolar sac during mechanical ventilation through the 
multiscale modeling framework 
 

5.4 Results 

 

Figure 5.4 shows inflammatory responses at the alveolar sac during mechanical 

ventilation for the 1400cc case. The number of immune cells increased with increasing 

time step due to the strain levels from mechanical ventilation. This increase in activated 

immune cells damaged healthy cells. These damage cells in turn induced more activated 

immune cells and these activated immune cells caused more damage cells. The number of 

healthy, damage, dead, immune cells, and strain levels as a function of time step is shown 

in Figure 5.5. As can be seen from this figure, the number of immune cells increased with 

increasing time step. This increase in immune cells caused damage cells to dramatically 
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increase. This increase in damage cells increased the strain levels in the alveolar sac 

because the tissue was less stiff during the injury. The high strain levels, in turn, induced 

more activated immune cells. 

 

Figure 5.4 Simulation results of the cellular inflammatory responses at the alveolar sac 
during mechanical ventilation for the 1400cc case after 20 (top left), 50 (top right), 80 
(bottom left), and 100 (bottom right) time steps. White: immune; Blue: healthy; Yellow: 
damage; Black: dead 
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Figure 5.5 The number of healthy, damage, dead, immune cells, and strain levels as a 
function of time step for the 1400cc case 
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Figure 5.6 shows inflammatory responses at the alveolar sac during mechanical 

ventilation for the 700cc case. The number of immune cells increased with increasing 

time step due to the strain levels from mechanical ventilation. This increase in activated 

immune cells caused a small number of damage cells. As time step increased the immune 

cells can digest all damage cells and the tissue returned to the healthy state. The number 

of healthy, damage, dead, immune cells, and strain levels as a function of time step is 

shown in Figure 5.7. As can be seen from this figure, the number of immune cells 

increased, reached a maximum value, and stayed at that level with increasing time step. 

The maximum level of the immune cells for this case was about two times less than that 

of the 1400cc case. This maximum level of immune cells was not high enough to cause a 

high number of damage cells. As the time step increased, there was no damaged cell in 

the tissue. In contrast to the 1400cc case, the strain levels insignificantly increased during 

mechanical ventilation. 
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Figure 5.6 Simulation results of the cellular inflammatory responses at the alveolar sac 
during mechanical ventilation for the 700cc case after 20 (top left), 50 (top right), 80 
(bottom left), and 100 (bottom right) time steps. White: immune; Blue: healthy; Yellow: 
damage; Black: dead 
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Figure 5.7 The number of healthy, damage, dead, immune cells, and strain levels as a 
function of time step for the 700cc case 
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Figure 5.8 shows inflammatory responses at the alveolar sac during mechanical 

ventilation for the 1400/700cc case. The number of immune cells increased with 

increasing time step due to the strain levels from mechanical ventilation until the 60th 

time step. This increase in activated immune cells caused more damage cells. As the time 

step were greater than 61, the strain levels from mechanical ventilation decreased. For 

this reason, the number of the activated immune cells in the tissue decreased. As time 

step increased, the immune cells can digest all damage cells and the tissue returned to the 

healthy state. The number of healthy, damage, dead, immune cells, and strain levels as a 

function of time step is shown in Figure 5.9. As can be seen from this figure, the number 

of immune cells increased with increasing time step until the 60th time step. This increase 

in immune cells caused damage cells to dramatically increase. However, when the time 

step was greater than 61, the number of immune cell started decreasing. This reduced the 

number of damage cells. As the time step increased, there was no damaged cell in the 

tissue. This result was similar to the 700 cc case. However, there are two different levels 

of the strain levels for this case. Table 5.1 shows summary of the simulation results of the 

case studies for two different mechanical ventilation settings. 
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Figure 5.8 Simulation results of the cellular inflammatory responses at the alveolar sac 
during mechanical ventilation for the 1400/700cc case after 20 (top left), 50 (top right), 
80 (bottom left), and 100 (bottom right) time steps. White: immune; Blue: healthy; 
Yellow: damage; Black: dead 
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Figure 5.9 The number of healthy, damage, dead, and immune cells as a function of 
time step for the 1400/700cc case 
 



  131 

Table 5.1 Summary of the simulation results from the multiscale model of the airway 
inflammation induced by mechanical ventilation for different mechanical ventilation 
settings 
 

Level Input Output Significance Remarks 

Case 1: airflow 
rate of 60 l/min 
with 1400-cc 
tidal volume 

55% maximum 
von Mises 
strain, 21% 
maximum 1st 
principal strain, 
25% maximum 
2nd principal 
strain, 45% 3rd 
principal strain, 
and 20% 
change in sac 
diameter; 
Previous 
studies by 
Sinclair et al 
(2007) in the 
airway diameter 
of 200-2500 
µm showed that 
maximum 
circumferential 
strains were in 
the ranges of 
15-65% 

Might cause 
tissue injury 
due to high 
strain levels 
(see cellular 
level) 

 
 
 
 
 
 
 
 
 
 
 
 

Organ 
 
 

Case 2: airflow 
rate of 60 l/min 
with 700-cc 
tidal volume 

27% maximum 
von Mises 
strain, 10% 
maximum 1st 
principal strain, 
12% maximum 
2nd principal 
strain, 22% 3rd 
principal strain 
and 10% 
change in sac 
diameter 

Not expected to 
cause tissue 
injury (see 
cellular level) 

Specific to this 
geometry, in 
general this 
might be 
different when 
the whole 
alveoli is 
considered 
(need further 
studies) 
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Level Input Output Significance Remarks 

Case 1: airway 
displacement 
from the organ 
level and 
material 
properties of 
each layer from 
previous 
experiments 

55% maximum 
von Mises 
strain in the 
epithelial layer 

Might cause 
tissue 
injury/damage 
(see cellular 
level) 

Tissue 
 

 
Case 2: airway 
displacement 
from the organ 
level and 
material 
properties of 
each layer from 
previous 
experiments 

27% maximum 
von Mises 
strain in the 
epithelial layer 

Not expected to 
cause tissue 
injury (see 
cellular level) 

Further studies 
on the effect of 
geometry and 
viscoelasticity 
property are 
needed 

Case 1: strain 
levels from the 
tissue level and 
CA rules based 
on previous 
experiments 

Ratio of 
damage to 
healthy cells 
was about 0.6-
1.8% 

Might cause 
tissue injury 
due to high 
concentration 
of activate 
immune cells 

 
 
 

Cellular 
 

 

Case 2: strain 
levels from the 
tissue level and 
CA rules based 
on previous 
experiments 

Ratio of 
damage to 
healthy cells 
was about 0.05-
0.22% 

Not expected to 
cause tissue 
injury 

Need to 
correlate the 
strain level with 
degree of 
inflammation 
and tissue 
properties 

 
 

5.5 Discussion 

 

The multiscale modeling framework was developed in this chapter. The airway 

displacements from the organ-level model were transferred to the tissue-level model for 
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strain distributions in each airway layer. The strain levels in the epithelial layer from the 

tissue-level model were then transferred to the cellular-level model for inflammatory 

responses due to strain levels. The injury at the cellular level, in turn, modulated change 

in material properties of the tissue at the tissue and organ levels. This multiscale 

modeling framework was employed to study cellular inflammatory responses at the 

alveolar sac during mechanical ventilation. The simplified model of the alveolar sac was 

chosen for the study. Three different mechanical ventilation settings were employed to 

investigate the effect of tidal volume on inflammatory responses at the alveolar sac. The 

simulation results supported the clinical practice that high tidal volume can cause 

ventilator-associated lung injury (VALI) at the alveolar sac due to high level of activated 

immune cells (Belperio et al., 2002; Chiumello et al., 1999). Low tidal volume can 

prevent VALI and VALI can also be prevented by switching from high tidal volume to 

low tidal volume ventilation. Not only did high tidal volume cause VALI due to high 

level of activated immune cells, it might also cause rupture of the tissue since its strength 

is about 40% less than the healthy tissue (Cleak and Eston, 1992; Howell et al., 1993; Ito 

et al., 2005). The mutiscale model of the airway developed in this chapter can be used to 

study the effect of other mechanical ventilation settings on the cellular inflammatory 

responses at other locations in the respiratory airway. Clinicians can use this information 

to appropriately determine the parameters during mechanical ventilation to prevent or 

mitigate VALI. 
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5.6 Summary 

 

The framework for developing a multiscale model of the airway was described. 

The multiscale model of the airway consists of the organ-level, tissue-level, and cellular-

level models. This multiscale model of the airway was employed to study inflammatory 

responses at the alveolar sac during mechanical ventilation. The simplified model of the 

alveolar sac was chosen for the analysis. Three different mechanical ventilation settings 

were employed as case studies. The airway displacements from the organ-level model 

were transferred to the tissue-level model for distributions of strain levels. The strain 

levels in the epithelial layer from the tissue-level model were then transferred to the 

cellular-level model for inflammatory responses due to strain levels. The injury at the 

cellular level, in turn, modulated change in material properties of the tissue at the tissue 

and organ levels. The simulation results showed that high tidal volume (1400 cc) during 

mechanical ventilation can cause tissue injury due to high concentration of activated 

immune cells and low tidal volume during mechanical ventilation (700 cc) can prevent 

tissue injury during mechanical ventilation and can mitigate tissue injury from the high 

tidal volume ventilation. The information obtained from this multiscale model could 

provide useful information on VALI and the new ventilation strategy could be developed 

to prevent VALI. 
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CHAPTER 6 Conclusions and Recommendations 

 

6.1 Conclusions 

 

6.1.1 Organ-Level Models 

 

• Airflow velocity increases with increasing airflow rate from mechanical 

ventilation and airway constriction due to airway diseases 

• Airway pressure increases with increasing airflow rate, tidal volume, and 

PEEP from mechanical ventilation 

• Airway strains increase with increasing airflow rate, tidal volume, and 

PEEP form mechanical ventilation; however, they decrease in airway 

constriction from asthma. 

• Sine waveform provides the highest airflow velocity and airway pressure 

while descending waveform provides the lowest airway pressure and 

airway strains 

 

6.1.2 Tissue-Level Models 
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• The homogeneous material model overestimates the maximum strain in 

the mucosa layer about 11%; however the homogeneous material model 

underestimates the maximum strain in the smooth muscle and cartilage 

layers about 12% and 16%, respectively 

 

6.1.3 Cellular-Level Models 

 

• Healthy response due to pathogen can be obtained when the possibility 

that pathogen can penetrate into epithelial cells is very low  

• Persistent infectious inflammation response occurs when the possibility 

that pathogen can penetrate into epithelial cells is very high 

• Persistent non-infectious inflammation response occurs when the 

inflammatory responses due to pathogen are too strong 

• Immuno-deficiency response occurs when the inflammatory responses due 

to pathogen are too weak 

• High strain levels (more than 52%) can cause tissue injury without 

pathogen and can cause inflammatory responses due to pathogen to 

change from any condition to persistent non-infectious inflammation 

 

6.1.4 Integration from Cells to Organ 
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• High tidal volume (1400 cc) during mechanical ventilation can cause 

tissue injury at the alveolar sac due to high concentration of activated 

immune cells 

• Low tidal volume during mechanical ventilation (700 cc) can prevent 

tissue injury at the alveolar sac during mechanical ventilation 

• Low tidal volume during mechanical ventilation (700 cc) can mitigate 

tissue injury occurring from the high tidal volume (1400 cc). 

 

6.2 Scientific Contributions 

 

This research indicates the beginning of the new field in mechanical ventilation 

by combining advances in engineering simulation techniques with clinical applications. 

The information from the research will bridge a gap between engineering and clinical 

applications. Physicians will better understand which factors affect inflammatory 

responses during mechanical ventilation and can provide appropriate ventilation 

parameters to prevent ventilator-associated lung injury (VALI) and reduce mortality rates 

in patients with acute respiratory distress syndrome (ARDS) or other airway diseases 

during mechanical ventilation. 

The research is a state-of-the-art since there has never been a study of fluid 

characteristics (airflow velocity, airway pressure, and wall shear stress) and strain levels 

in human respiratory airways during mechanical ventilation through fluid-structure 

interaction (FSI) algorithm. The organ-level model that incorporates the interactions 
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between airflow and the airway wall will provide a computational framework for other 

studies of fluid characteristics in human respiratory airways. The patterns of flow field in 

the airways are very useful for studying particle deposition in the airways for many 

applications ranging from aerosol drug therapy to inhalation toxicology. In addition, the 

tissue-level model can illustrate how strain levels from mechanical ventilation distribute 

in each layer of the airway and demonstrate the important of material models on the 

distributions of strain levels. The computational model for other tissue can be developed 

implementing the same technique for the tissue-level model developed in this research. 

Lastly, the cellular inflammatory responses due to strain levels also provide other 

researchers better understanding the inflammatory responses in the airway tissue and 

effects of strains on the inflammatory responses. The clinicians can use this useful 

information to appropriately adjust mechanical ventilation parameters to prevent VALI. 

The multiscale model can also be used to study the inflammatory responses in the 

airways from particle deposition (see Figure 6.1). The organ-level model is solved to 

obtain locations of particle deposition in the airways. The flow waveforms for the organ-

level model can be breathing patterns during sedentary/light/heavy activity or those 

during employing an inhaler. The locations and concentrations of the particle are then 

transferred to the cellular-level model. The inflammatory parameters in the cellular-level 

model can be based on the concentrations and types of the particle. 
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Figure 6.1 Procedures for using the developed multiscale modeling framework for 
airway inflammation induced by paticle deposition 
 

6.3 Recommendations 

 

The multiscale modeling framework developed in this research shows the 

feasibility of the method for an investigation of inflammatory responses during 

mechanical ventilation. However, the computational models for the organ, tissue, and 
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cellular levels were developed with some assumptions. To increase an accuracy of the 

multiscale of the airway for inflammatory responses during mechanical ventilation, the 

further studies are need. The recommended future work is as follows. 

 

• The geometry of the organ- and tissue-level models was based on 

idealized models of the airway and alveolar sac. The more realistic model 

is recommended in order to obtain more accurate fluid characteristics and 

airway strains during mechanical ventilation 

• The Young’s moduli of elasticity for the organ- and tissue-level models 

were assumed to be linear. Further study is needed to investigate the effect 

of nonlinear material properties on fluid characteristics and airway strains 

during mechanical ventilation 

• Due to a limitation of the software that cannot account for large 

deformation, the simulation results of the alveolar sac at the organ level 

were obtained through one way fluid-structure interaction (FSI). The 

effect of the type of the FSI algorithm on the results of the alveolar sac is 

needed to further investigate. 

• During mechanical ventilation, physicians must balance between a gas 

exchange process and tidal volume to prevent VALI. To develop a better 

strategy to mechanically ventilate patients, the gas exchange process 

should be incorporated into the multiscale model of the airway. 
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