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Abstract

The human respiratory system is a series of organs responsible for taking in oxygen and

expelling carbon dioxide. The human lung is the main organ for gas exchange in the human

respiratory system and starts from the trachea and ends at the alveoli. During our lifetime

different factors might influence the functionality of lung such as; respiratory disease and

aging. Complex morphology of the lung causes difficulty in diagnosis and visual interpreta-

tion of respiratory disease and age-related changes. In addition, pulmonary function tests

are not very sensitive measures of lung disease specifically in early stages of respiratory

diseases and we can not repeat the tests to confirm decisive assumption. Moreover, respi-

ratory diseases lead to lung failure, where patients often need mechanical ventilation (MV)

devices to assist them in breathing. Many important decisions have to be made once it is

determined that a patient needs MV and specialists have to setup proper MV protocols

to reduce ventilator induced lung injury (VILI). Hence, computational techniques provide

attractive and cost-effective alternative to repeating experimental tests. The main purposes

of this dissertation are first developing computational models at different scales and inte-

grating them to investigate influence of life threatening respiratory disease and aging on

breathing condition and lung failure. Second, optimizing ventilator protocols specifically for

older patients to reduce VILI.
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Chapter 1

Introduction and Literature Review

The human respiratory system is a series of organs responsible for taking in oxygen and

expelling carbon dioxide. The human lung is main organ for gas exchange in human res-

piratory system and start from trachea to alveoli. Life-threatening respiratory disease like

chronic obstructive respiratory disease (COPD), asthma, acute respiratory distress syndrome

(ARDS) and aging influence human lung microenvironment and breathing mechanics. COPD

is a chronic inflammatory lung disease that causes obstructed airflow from the lungs. Emphy-

sema is one of the main types of COPD and is considered as fourth leading cause of death

according to the statistics from the American Lung Association [1]. Gradual loss of air

sacs wall surface area for gas exchange in emphysematous alveolar sacs causes difficulty

for expelling carbon dioxide during exhalation. Asthma is a common long-term inflamma-

tory disease of the airways of the lungs, where airways narrow and swell and produce extra

mucus. This can make breathing difficult and trigger coughing, wheezing and shortness of

breath. According World Health Organization (WHO) estimation, about 235 million people

currently suffer from asthma and it is the most common chronic disease among children.

ARDS is specified as condition where capillary blood and liquid leak into the air sacs. Fluid

accumulation in the alveoli and collapse of many alveoli lead to decrease in oxygen level in

the blood capillaries. ARDS typically occurs in people who are already critically ill or who

have significant injuries. Many people who develop ARDS don’t survive. The risk of death

increases with age and severity of illness.

In general, human lungs mature around age 20-25 years and will start to lose functionality

at approximately 35 years old. Aging causes changes in the human body, which leads to lung
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function decline. The diaphragm is the main muscle involved in breathing and moves air in

and out of the human lung. This muscle becomes weaker, and its ability to inhale oxygen

and exhale carbon dioxide decreases with age. Lung tissues, which keep airways open, also

lose their elasticity with age and may cause collapse in airways. Alveoli, small sacs where

gas exchange happens, can lose their shape and become baggy. Consequently, breathing gen-

erally becomes more difficult over time. Generally, aging induces morphological and tissue

property changes in human alveolar sacs.

These changes could lead to lung failure where mechanical ventilation (MV) devices are

used to assist or replace spontaneous breathing. Age-related changes pose a higher risk for

mortality under MV, and many important decisions have to be made once it is determined

that a patient needs MV, including MV mode and parameter settings. Classically, MV modes

are divided into pressure and volume controlled modes. Volume-controlled mode has been

recently identified as the preferred ventilatory mode. Breathing frequency, Tidal Volume

(TV) and I/E (inhalation/exhalation) ratio are the main parameters set for the volume-

controlled mode. Although MV saves tens of thousands of lives each year, it can also be

harmful and lead to irreversible structural and functional damage in lung, which is known as

ventilator-induced lung injury (VILI) [2]. Ventilator settings do impact respiratory system

function, and it is therefore important that the settings for MV devices minimize lung injury.

Complex morphology of the bronchial tree causes difficulty in diagnosis and visual inter-

pretation of age-related changes and respiratory disease [3]. In addition, pulmonary function

tests are not very sensitive measures of lung disease specifically in early stages of respiratory

diseases [4] and we can not repeat the tests to confirm decisive assumption. In addition,

specialists can not find proper MV protocols by trial and error to reduce the risk of injuries

while implementing MV devices. Hence it would be very useful to develop a mathematical

model of these phenomena instead.

Many studies employed computational models to investigate influence of respiratory dis-

ease and aging on mechanics of breathing and lung tissue microenvironment at different
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scales. 3D printed models of normal and diseased alveolar sacs were employed to visualize

fluid flow within alveolar cavities [5]. It was detected that respiratory disease causes radial-

like airflows in the alveolar cavities [6]. It was observed that emphysematous alveolar model

sustained higher stress level and surface tension compare to normal conditions, which can

result in collapse in breathing condition [7]. Computational methods were also used to mon-

itor changes of alveolar recruitment over time for patients with ARDS [8, 9]. Some other

studies tried to employ computational techniques to optimize TV settings for patients with

emphysema and ARDS. They presented that lower TVs can reduce VILI for patients with

ARDS [10] and COPD [11] and limiting repetitive alveolar collapse and expansion introduced

as potential parameter to reduce VILI for patients with ARDS [12]. High tidal volume ven-

tilation introduces as main reason for acute lung injury [13, 14]. Strong positive correlation

was found between mean stress and cell density in each airway bifurcation [15].

Other studies employed fractal properties of bronchial trees to estimate geometrical com-

plexity, and shapes irregularity in respiratory disease [16, 17]. Some studies employed box

counting dimension to estimate fractal dimension (FD) of bronchial tree [16,18–21]. Uahabi

et al used modeling techniques based on variants of the Von Koch curve to estimate fractal

dimension of bronchial tree [17]. In addition, equivalent electrical models were employed

to estimate changes in normal and diseased airways’ resistance, inertance, and compliance

[22,23].

Many studies have focused on age-related changes and their influences on respiratory

system mechanics. It has been shown that while lung static compliance increases with aging,

chest wall compliance decreases due to stiffening and there is an increased outward recoil of

the thoracic cage [24–28]. Despite the anticipation that an older person sustains ventilation

by smaller applied forces on the thoracic cage, an increase in the rigidity of chest wall offsets

this advantage [29–31]. It has also been determined that airspace enlargement leads to a

decrease in recoil pressure in older alveolar sacs [26,32,33].

In addition, computational and multiscale models were used to investigate influence of
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inflammatory mediators [34, 35] and variables such as resolution speed, degree and location

of stimuli, post coinfections on remodeling [36–40], severity [41] and development [34,42] of

airways disease and aging process [43–47]. Despite all conducted computational and experi-

mental studies on lung inflammation mechanism, there is lack of detail on molecular mech-

anisms and pathways that contribute to activation of low-grade inflammation and onset of

chronic inflammation in lung. There is need for models that link the interactions at the

molecular, cellular and tissue-level to provide a systems perspective to the pathology of

inflammatory mechanism in lung diseases.

In this dissertation computational models are developed at different level to investigate

influence of respiratory disease and aging on mechanics of breathing and structural proper-

ties of human lung. Fluid-solid interaction (FSI), fractal geometries and mechanical-electrical

analogies are employed to investigate influence of respiratory disease, aging and ventilator

protocols on mechanics of breathing at organ level. Results from organ level are transfered

to the cellular level to explore influence of ventilator protocols on lung tissue microenviron-

ment and inflammation mechanism in cellular level. Cellular automata (CA) is employed

to monitor accompanied changes in cells population dynamics with changes in TV values

and strain levels in alveolar sacs region at cellular level. Hence, a comprehensive model for

human alveolar sacs which could bridge between cellular and organ level of alveolar sacs is

presented and Optimized ventilator protocols specifically for older patients are highlighted

to reduce VILI.

Chapter 1 provides background and literature review of influence of respiratory disease

and aging on lung tissue microenvironment and breathing condition at different scales and

importance of MV protocols to reduce VILI.

Chapter 2 develops three-dimensional (3D) models for healthy and emphysematous alve-

olar sacs with and without ARDS. Computational fluid dynamic (CFD) analysis and FSI

approach are employed to study the influence of alveolar sacs wall motion, TV setting and

discussed disease on alveolar sacs mechanics.
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Chapter 3 develops 3D models of young and old human alveolar sacs and FSI is employed

to investigate the contribution of age-related changes to decline in alveolar sacs function

under MV. Ventilator devices setting has been identified as a potential parameter for com-

promising respiratory function in the elderly. Sensitivity of alveolar sacs mechanics to venti-

lator setting are illustrated.

Chapter 4, investigates the changes in complexity of normal and diseased bronchial tree

with age using FD measures and estimated the respiratory airways structural properties

such as resistance, compliance and air inertia within airways using their equivalent electrical

models.

Chapter 5 investigates the strain-induced inflammation in pulmonary alveolar tissue

under high TV. A realistic 3D organ model for alveolar sacs is built and FSI is employed to

evaluate strain distribution in alveolar tissue for different TV values under the MV condition.

Interplay between strain magnitude and distribution appears to influence healing capability.
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Chapter 2

Influence of Tidal-Volume Setting, Emphysema and ARDS on Human

Alveolar Sacs 1

1P. Aghasafari and R. Pidaparti. “Influence of Tidal-Volume Setting, Emphysema and ARDS
on Human Alveolar Sacs Mechanics.” Accepted by Computers & Acta Mechanica Sinica (2018):
Reprinted here with permission of publisher. *First coauthor.
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abstract

Mechanical ventilation (MV) devices help patients with lung disorders to breath. Improper

setting for MV devices would lead to further lung injuries. Therefore, investigating influence

of ventilator devices setting on healthy and diseased alveolar sacs mechanics could prevent

possible injuries while implementing ventilator devices. For this aim, three-dimensional (3D)

models for healthy and emphysematous alveolar sacs with and without acute respiratory

distress syndrome (ARDS) were developed and computational fluid dynamic (CFD) analysis

and fluid solid interaction (FSI) approach were employed to study the influence of alveolar

sacs wall motion, tidal volume (TV) setting and discussed disease on alveolar sacs mechanics.

Recirculation region was only monitored in alveolar sacs with rigid wall. Observations demon-

strated an increase in compliance during inhaling the air into the emphysematous alveolar

sacs. Induced air penetrated deeper into healthy alveolar sacs compare to the emphysematous

model and recommended TV for chronic obstructive pulmonary disease (COPD) increased

applied strain, stress and wall shear stress (WSS) on emphysematous alveolar sacs walls. In

addition, recommended TVs for patients with ARDS decreased strain and stress but did not

influence applied WSS significantly. In general, increasing TV raised stress and strain level

and led to deeper air penetration into the alveolar sacs. Afterwards, lower TV decreased

strain, stress and WSS for patients who could suffer from both ARDS and emphysema. This

study would provide invaluable insights about diseased alveolar sacs mechanics and evaluate

importance of ventilator devices setting in different disease conditions.

2.1 Introduction

Alveolar sacs are the main unit for gas exchange in pulmonary system and they would

be affected by life-threatening lung disease like asthma, COPD and cystic fibrosis [1, 48].

Emphysema is one of the main types of COPD and is considered as fourth leading cause

of death according to the statistics from the American Lung Association. Gradual loss of
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air sacs wall surface area for gas exchange in emphysematous alveolar sacs causes difficulty

for expelling carbon dioxide during exhalation. Apart from emphysema, ARDS influences

alveolar sacs performance. ARDS is specified as condition where capillaries blood and liquid

leak into the air sacs. Fluid accumulation in the alveoli and collapse of many alveoli lead to

decrease in oxygen level in the blood capillaries and cause serious problem for patients under

MV conditions. Lung disease could lead to respiratory failure where lung would not be able

to inhale ample oxygen into the pulmonary system and exhale carbon dioxide out and MV

devices should be employed to help patients to breathe normally. Improper ventilator devices

settings could endanger patients life. TV is one of the most important parameters in MV

devices setting. For healthy human, TV is set approximately 500 mL per inspiration [49].

Specialists should consider appropriate TV to ensure adequate ventilation without causing

trauma to the lungs. For patients with COPD, it is recommended to set TV about 714 mL

and there is strong evidence that limiting TV to range of 428-571 mL may be beneficial in

the management of ARDS [50–52].

Flow behavior and alveolar sacs mechanics were evaluated experimentally and compu-

tationally. Since alveolar sacs are tiny, most of experimental models scaled up their models

and employed dynamic similarities to study airflow pattern in a single alveolar sac. First,

Cinkotai [53] made a model for alveolar sacs and observed that despite homogeneous motion,

reversibility condition did not occur and recirculation region did not form in alveolar sacs

during breathing cycle. Another investigation reflected flow separation and recirculation

region in healthy alveolar cavities and detected radial-like airflows in the diseased conditions.

Coupling between radial acinar flows and recirculating was experimentally demonstrated in

a scaled-up silicone model of a single alveolus [6]. 3D printed models were employed to visu-

alize fluid flow within alveolar sacs [5]. Experimental investigations provided an alternative

to clinical test on human to visualize flow pattern in alveolar sacs [54]. It was disclosed that

induced air into emphysematous alveoli did not penetrate as deep as healthy alveoli during

a single breath, which was related to destruction of alveolar sacs wall and volume increase
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in emphysematous condition [55–57]. Extended 3D model from scaled-up rigid-walled alve-

olar ducts to bifurcations level was built and appearance of a large recirculation zone was

captured in alveolus region [58,59]. Alveolar wall motion was detected as main factor which

boosts convective mixing between the bronchiole and the alveolar fluid [60,61], Researchers

used microfluidic device to mimic alveolar sacs flow pattern and liquid plug formation in

pulmonary airways. They observed gradual transition from recirculating to radial stream-

lines in alveolar flow patterns [62] and concluded that surfactant has protective role against

liquid plug formation [63].

In addition, alveolar sacs mechanic was studied numerically. Computational models were

considered as tools to help to understand the pathophysiology of healthy and diseased alve-

olar sacs and design novel medical devices [64,65]. The first numerical model of alveolar ducts

presented that rigid wall conditions led to flow separation and appearance of recirculation

zone in alveolar sacs [66,67]. CFD analysis techniques were employed to explore flow pattern

in alveolar sacs [68]. In addition to CFD analysis, FSI approach was employed to capture

realistic physiological breathing conditions in alveolar sacs with moving wall. Due to the

computational challenges and costs, FSI has been limited to two-dimensional (2D) alveolar

sacs models [69]. Another computational model focused on compression and re-expansion of

alveolar sacs during breathing. It was monitored that progress in alveolar collapse increased

hysteresis of pressure-volume loop and destroy surface area for gas exchange [70]. Numerical

analysis was further used to compare the stress distribution in normal and emphysematous

acinar models [71]. It was observed that emphysematous alveolar model sustained higher

stress level compare to normal conditions. Human alveolar recruitment in normal and dis-

eased lungs was evaluated and it was observed that diseased alveoli had higher surface tension

which resulted in collapse in normal breathing condition [7]. Computational methods were

used to monitor changes of alveolar recruitment over time for patients with ARDS [8,9].

Some studies focused on MV-associated damage on diseased lung’s tissue to minimize the

injurious effects of MV [72].Computational models presented that lower TVs can reduce
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injuries under MV conditions for patients with ARDS [10] and COPD [11]. Limiting repet-

itive alveolar collapse and expansion introduced as potential parameter to reduce MV’s

injuries for patients with ARDS [12]. This study focused on healthy and diseased alveolar

sacs mechanics under MV condition. Firstly, 3D models for healthy and emphysematous

alveolar sacs with and without ARDS were constructed and influence of rigid wall on recir-

culation formation in the healthy alveolar region was investigated. Applied pressure, strain,

stress and WSS in rigid alveolar sacs wall were compared to corresponding values in moving

alveolar sacs wall. Secondly, comparison was made between alveolar sacs mechanics in healthy

and diseased conditions. Thirdly, influence of recommended TVs for discussed respiratory

disease on alveolar sacs was explored and results were compared. Improper ventilator devices

settings would endanger patients life and lead to irreversible consequences. Therefore, inves-

tigating healthy and diseased alveolar sacs mechanics under MV condition with different

ventilator devices settings would provide essential information for respiratory specialists to

reduce the risk of adverse events [73].

2.2 Methods

Numerical analysis was employed to study flow behavior and mechanics of healthy and

diseased alveolar sacs in this study. Healthy and emphysematous alveolar models were

constructed based on presented dimensions in experimental studies in CAD software and

imported into the ANSYS workbench platform. Two case studies were considered to study

flow behavior of induced air into healthy alveolar sacs and differences between applied pres-

sure, strain, stress and WSS for the rigid and moving alveolar sacs wall. CFD analysis and

FSI were respectively employed for case (1) and case (2) Figure 2.1. For CFD analysis,

governing equations for fluid domain were solved and velocity streamlines were plotted to

explore influence of the rigid wall on recirculation region. Recorded pressure was applied on

the alveolar sacs tissue Fig. 2.1a and applied strain, stress and WSS on alveolar sacs tissue

were measured to compare with FSI results.
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Boundary condition

 for tissue level:
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X direction= Free
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2

3

Figure 2.1: a) Case (1) methodology b) Case (2) methodology.

FSI was employed to explore mechanics of emphysematous and healthy alveolar sacs with

and without ARDS at recommended TVs under MV condition [74]. Governing equations

for structure and fluid were integrated interactively in the time-domain for FSI approach.

Fluid pressure was calculated and imported to transient structural solver and corresponding

displacement from the structural analysis was returned to the Fluent solver for next iteration.

These steps continued until all field equations converged Figure 2.1b [75]. Results from

CFD analysis were compared with FSI results for healthy alveolar sacs and influence of

emphysema, ARDS and recommended TVs on alveolar sacs mechanics were explored.
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(a) (b)

(c) (d)

Figure 2.2: Case studies a) Healthy alveolar sac model without ARDS , b) Emphysema-
tous alveolar sac model without ARDS, c) Healthy alveolar sac model with ARDS and d)
Emphysematous alveolar sac model with ARDS.

2.2.1 Computational domain and Boundary conditions

The shapes of alveoli were captured by a range of geometries; including honeycomb [76],

polyhedral [5, 77], spheroids, ellipsoids and cylindroids [78]. Variations in shape, size, and

location of the alveoli led to significant uneven alveolar ventilation [5]. Also, it was dis-

cussed that alveolar geometry was dynamic during breathing cycle [79]. In this study, the

3D model of alveolar sac was built appropriate to realistic dimensions [80–83] and the 3D

emphysematous alveolar model was constructed according to surface contact loss for gas

exchange and volume increase [57] in SolidWork. To evaluate influence of ARDS on alveolar

sacs mechanics, 25% of healthy and emphysematous alveolar sacs models were filled with

water. Constructed models and dimensions are presented in Figure 2.2 and Table 2.1.
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Table 2.1: Alveolar Sacs’ dimensions for current study

Parameters DLumen Ralv Lsac VHealthy VEmphysematous

Dimensions 0.2 mm 0.1 mm 0.6 mm 0.09 mm3 0.11 mm3

Alveolar sacs were constructed by shell element for the solid domain and inner space

within the solid domain was devoted to the fluid domain. Incompressible air and Neo-

Hookean hyperelastic material properties were set for FSI analysis. 141488 and 89398

tetrahedrons and triangle mesh types were generated for fluid and solid domains, corre-

spondingly. Generated mesh for fluid and solid domain of healthy and emphysematous

alveolar sacs are presented in Figure 2.3.

Case studies Fluid domain mesh Solid domain mesh
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Figure 2.3: Computational domain mesh for Considered cases.
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In addition, solving governing equations for both solid and fluid domains needs appro-

priate boundary conditions. Existent collagen and elastic fibers in alveolar sacs tissue support

alveoli expansion during inhalation process. Then, they would shrink to expel the carbon

dioxide during exhalation process. Therefore, displacement in radial direction was set free

and longitudinal and rotational displacement were fixed for the solid domain for both case

studies Fig. 2.1. Constant and exponentially decreasing velocity waveform for inhalation and

exhalation were considered as inlet velocity boundary condition for fluid domain in CFD

analysis and FSI approach Table 2.2.

Table 2.2: Inlet velocity waveform for MV

Inhalation/Exhalation MV

t ≤ Inhalation time (tin)
flowrate
S∗2g−1

(0 < tin 6 0.4s)

t > Exhalation time (tex) −flowrate×exp(− tin+tex
tin

)

S∗2g−1

(0.4s < tin 6 2s)

where S and g are the alveolar duct cross section and generation number equal to 23 in this

case study. Recommended TVs for healthy and diseased conditions (TV= 428, 500 and 714

mL) were considered in inlet velocity relationship to investigate their effects on fluid flow

and healthy and diseased alveolar sacs mechanics under MV condition and interior boundary

condition was set for interfaces between induced air and accumulated liquid for ARDS case

studies.

2.2.2 Governing equations

3D incompressible laminar Navier-Stokes and continuity equations were considered as gov-

erning equations for fluid domain [84]. The continuity equation Eq. 2.1 and the Navier-Stokes
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equations Eq. 2.2 were solved numerically using a finite-volume method under isothermal

conditions in ANSYS fluent solver [85].

∇.uf = 0 (2.1)

ρf

(
∂uf
∂t

+ uf .∇.uf
)

= −∇p+ µ∇2u (2.2)

where uf , ρf , p, µ are the fluid velocity field, density equal to 1.225 ( kg
m3 ) for air and 1000 ( kg

m3 )

for accumulated water in ARDS case studies, pressure and dynamic viscosity, respectively.

Governing equations for the displacement of the alveolar sac walls during inhalation and

exhalation were considered as follow:

∂σjk
∂xk

+ Fj = ρs
∂2uj
∂t2

σjk = Ejklmεlm (2.3)

σjk = Ejklmεlm (2.4)

where σ, F, ρ, x, E and ε are the stress in each direction, body force, density, displacement,

elasticity tensor, and strain in each direction. Hyperelastic Neo-Hookean material properties

were adopted to alveolar tissue for FSI simulation. For Compressible Neo-Hookean material,

the strain energy density function was given by:

W =
G

2

(
I1 − 3

)
+Km (J − 1)2 (2.5)

where J is equal to the determinant of deformation gradient and I1 is equal to J−2/3I1 where

I1 is the first invariant of the left Cauchy-Green Tensor. G, Km and ρs are the shear, bulk

moduli and alveolar tissue density which set equal to 309 (Pa), 2.5 (kPa) and 1000 ( kg
m3 ),

respectively [86,87].

2.2.3 Coupling iterations

For each iteration of FSI approach, initially Eqs. 2.1 and 2.2 were solved and applied pres-

sure on the alveolar wall were transferred to the transient structural solver and constitutive
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equations for the solid domain Eqs. 2.3 and 2.4 were solved to obtain the alveolar wall

displacement. According to the response of the structure, generated mesh was updated by

diffusion-based smoothing method in Fluent solver and this continued until all field governing

equations converged.

2.2.4 Diffusion-based smoothing method

Regarding to complexity of motion of alveolar sacs during breathing cycle, moving cell zone

were considered in Fluent solver where generated mesh was updated at each time step based

on positions of each boundaries which was governed by the diffusion equation Eq. 2.6.

∇.(γ∇~um) = 0 (2.6)

where ~um is the mesh displacement velocity and γ is diffusion coefficient which used to

control effect of the boundary motion on the interior mesh motion Eq. 2.7 .

γ =
1

dθ
(2.7)

where d is a normalized boundary distance. Diffusion parameter (θ) was set to two, to

preserve larger regions of the mesh near the moving boundary, and let regions from the

moving boundary to absorb more of the motion.

2.3 Results

CFD analysis and FSI results for healthy alveolar sacs were compared to investigate influence

of wall motion on alveolar sacs function. Applied pressure on rigid and moving alveolar

sacs wall and corresponding strain, stress and WSS values were compared. In continue,

FSI approach was employed to study influence of disease like emphysema and ARDS and

recommended TVs for discussed disease on alveolar sacs mechanics under MV conditions.

Velocity streamlines and fluid velocity were compared for healthy and diseased alveolar sacs
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and impact of recommended TVs on fluid flow was evaluated. In addition, influence of disease

conditions and recommended TVs are contrasted qualitatively.

Case 1 Case 2

Figure 2.4: Influence of alveolar sacs’ wall motion on recirculation region and alveolar sacs’
mechanics.

2.3.1 Recirculation region and flow velocity

Since acinar airflow has significant role in aerosol deposition, many studies focused on existing

flow pattern in alveolar region. They presented that despite low-Reynolds-number flows,

irreversibility exists in the acinus [54] and recirculation occurs in the proximal alveoli only

during the transition between inspiration and expiration [82]. Streamlines show the direc-

tion which fluid elements travel at any point in breathing cycle and provide insights about

particles penetration into the alveolar region and recirculation region formation. According

to previous studies, alveolar sacs wall motion is main factor for recirculation region forma-

tion [60,61,66,67] and wall destruction and increase in alveolar volume when several alveoli

merge into a single sac were introduced as main factors which led to less air penetration into
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diseased alveoli compare to healthy alveoli [55, 56]. Hence, streamlines are plotted for the

fluid domain in CFD analysis and FSI approach and recirculation region was monitored in

alveolar sacs with rigid wall while no recirculation region was detected in alveolar sacs with

moving wall Fig .2.4. Streamlines were also plotted for healthy and emphysematous alveolar

sacs at transition time between inspiration and expiration for single breathing cycle and it

was presented that induced air into emphysematous model would not penetrate into the

alveoli as deep as healthy model Fig. 2.5 and increasing TV to the recommended value for

patients with COPD could push more air into the alveoli for gas exchange. In addition, it was

illustrated that the recirculation zone did not form even in transition time from inhalation

to exhalation. Furthermore, ARDS considerably affected airflow in both healthy and emphy-

sematous alveolar models during the exhalation time. Fluid flow had more complex pattern

in case studies with ARDS and increasing TV resonated this condition for both models.

Open emphysematous alveolar model Collapsed emphysematous alveolar
 model
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Figure 2.5: Velocity streamlines for healthy and emphysematous alveolar sacs with and
without ARDS for TV =500 and 714 mL at t = 0.5 s (transition from inhalation to exhala-
tion) and t = 2 s (End of breathing cycle).
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In addition, fluid velocity within healthy alveolar sacs versus time plots demonstrated

that the velocity increased from alveolar ducts (plane1) to alveolar sacs entry (plane2) where

fluid velocity reached its highest value within alveolar sacs. Then it decreased toward the

bottom of the model and followed this trend for entire breathing cycle Fig. 2.6. These results

are in good agreement with previous studies [58]

Figure 2.6: Velocity changes through healthy alveolar sacs model at TV = 500 mL during
inhalation t = 0.2 s, inhalation to exhalation t = 0.5 s and exhalation t= 0.8 s.

2.3.2 Lung compliance

Lung compliance measures lungs ability to expand and is proportionate to volume change

per unit pressure change [88]. Compliance could change in various disease conditions. For

instance, emphysema increases lung compliance and small pressure difference is necessary to

maintain a large volume in emphysematous alveolar sacs [88]. Pressure-volume for healthy

and emphysematous alveolar models were plotted and it was illustrated that emphysema-

tous alveolar models had higher compliance during inhalation whereas the healthy alveolar

model had higher compliance in continue during exhalation time Fig. 2.7 which caused

problem to exhale carbon dioxide out for emphysematous case studies. Also, it was observed

that increasing TV increased applied pressure on the alveolar wall at same volume changes

specifically in emphysematous case studies.
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Figure 2.7: Pressure-Volume loop for healthy and emphysematous alveolar sacs at TV = 500
and 714 mL.

2.3.3 Work of Breathing

WOB is the required energy to inhale air into the model and exhale carbon dioxide. Pressure-

volume loops can provide information about changes in the patient’s lung compliance, air

leaks and work of breathing. The area under of the pressure-volume loop presents the

WOB. Accordingly, the area under pressure-volume loop for healthy and emphysematous

alveolar sacs for TV equal to 500 and 714 mL were calculated and it was presented that

required energy for breathing in emphysematous state approximately increased by 10 times

and increasing TV increased WOB for emphysematous alveolar sacs Fig. 2.8.

Figure 2.8: Work of breathing for a) healthy alveolar sacs at TV=500 mL, b) Emphysematous
alveolar sacs at TV=500 mL and c) Emphysematous alveolar sacs at TV=714 mL.
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2.3.4 Strain and stress level

Maximum von-Misses strain, stress and WSS were compared for all case studies to investi-

gate influence of emphysema, ARDS and recommended TVs on alveolar sacs mechanics Fig.

2.9. Upper triangle of each cell in the figure 2.9 illustrates comparison between considered

case study and healthy alveolar sacs with TV equal to 500 mL, and lower triangle repre-

sents comparison between considered case studies and same condition at TV equal to 500

mL. Alveolar sacs generally had smaller strain values in the emphysematous condition and

ARDS led to higher strain values within alveolar sacs models compared to healthy alveolar

sacs. Recommended TVs for COPD increased expansion of the model compared to emphy-

sematous alveolar sacs with normal TV (TV=500 mL) and recommended TVs for ARDS

decreased strain level compared to case studies with same condition at TV equal to 500

mL. In addition, TV equal to 714 mL increased emphysematous alveolar sacs with ARDS

expansion at upper and lower part of the model compare to TV amount to 500 mL.

Von-Mises stress was evaluated and observed that the emphysematous model tolerated higher

stress level compare to the healthy alveolar sacs. These results were in good agreement

with Ryk study [71]. Although, recommended TV for emphysematous alveolar sacs models

increased strain within the model, it also increased maximum von-Misses stress level. Like-

wise, decreasing TVs for ARDS case studies increased maximum applied stress on alveolar

sacs wall Fig. 2.9. For both healthy and emphysematous alveolar sacs with ARDS, reducing

TV to 428 mL reduced maximum applied stress on the models wall significantly.

WSS is related to existing friction between the induced air and the alveolar wall. WSS

magnitude depends on how fast the fluid velocity rises when flowing from the alveolar wall

toward the center of the alveolar. Recommended TVs for COPD and ARDS delivered higher

WSS compare to 500 mL and recommended TV for ARDS could reduce WSS for emphyse-

matous alveolar sacs with ARDS but could not reduce applied WSS on the models wall Fig.

2.9.
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Figure 2.9: Influence of emphysema, ARDS and recommended TVs for COPD (TV = 714
mL) and ARDS (TV = 428 mL) on maximum strain, stress and WSS within alveolar sac
models.

2.4 Conclusion

The developed geometric acinar model accompanied with CFD and FSI techniques, are

served as investigative tools in the study of the influence of TV setting and diseases like

emphysema and ARDS on alveolar mechanics under MV condition. Recirculation region

was not observed in the FSI approach for both healthy and emphysematous alveolar models

and alveolar sacs wall motion was introduced as the main reason for observed recirculation
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region in healthy alveolar sacs. Strain, stress and WSS were recorded higher in the case

study whose applied pressure was measured from rigid alveolar sacs wall in comparison to

measured values from the FSI approach. Alveolar sacs mechanics was substantially affected

by pulmonary disease. Emphysema led to less air penetration into the acinar region. Lung

compliance increased in the emphysematous condition where alveolar sacs tended to distend

easily but empties slowly. Emphysema increased the required energy for breathing cycle and

higher TVs value resulted in higher WOB. On the contrary to stress, strain values dimin-

ished in the emphysematous state which could instigate problem for breathing under MV

condition. Comparison between results for different TVs for both healthy and emphysema-

tous alveolar models displayed that recommended TVs for patients with COPD increased

strain and increased applied stress and WSS compare to emphysematous model with TV

equal to 500 mL. Decreasing TV for ARDS would decrease applied strain and stress on the

model but increased applied WSS, specifically towards the bottom part of the model. It

was demonstrated that higher TVs for emphysematous alveolar sacs with ARDS decreased

maximum WSS while it increased applied stress and strain on the model. In conclusion, this

study would provide invaluable insights for specialists about alveolar sacs mechanics under

influence of respiratory disease to set appropriate TVs for patients under MV conditions.
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Chapter 3

Aging Effects on Alveolar Sacs under Mechanical Ventilation 1

1P. Aghasafari, R. L. Heise, A. Reynolds and R. Pidaparti. “Aging Effects on Alveolar Sacs under
Mechanical Ventilation.” Accepted by The Journals of Gerontology: Series A (2018): Reprinted here
with permission of publisher. *First coauthor.
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abstract

Alveolar sacs are primarily responsible for gas exchange in the human respiratory system and

lose their functionality with aging. Three-dimensional (3D) models of young and old human

alveolar sacs were constructed and fluid-solid interaction (FSI) was employed to investigate

the contribution of age-related changes to decline in alveolar sacs function under mechanical

ventilation (MV). Simulations results illustrated that compliance and pressure reduced in the

alveolar sacs of the elderly, and they have to work harder to breathe. Morphological changes

were found to be mainly responsible for the decline in alveolar sacs function. Influence of indi-

vidual differences on the alveolar sacs function was negligible and 95% confidence intervals

for compliance and work of breathing (WOB) using measures from different individuals also

support this finding. Moreover, higher mortality risk was recorded for elderly who undergo

MV. Specifically, ventilator devices setting has been identified as a potential parameter for

compromising respiratory function in the elderly. Volume-controlled ventilation applied less

pressure, whereas, pressure-controlled ventilation resulted in higher compliance in the alve-

olar sacs and decreased WOB. Sensitivity of alveolar sacs to ventilator setting under the

volume-controlled mode illustrated that increasing breathing frequency and decreasing the

ratio of inhalation to exhalation times (I/E) and tidal volume (TV) caused an increase in

alveolar sacs expansion and compliance in older patients. Results from this study can help

clinicians to develop individualized and effective ventilator protocols and improve respiratory

function in the elderly.

3.1 Introduction

Human lungs mature around age 20-25 years and will start to lose functionality after approx-

imately 35 years [31]. Aging causes changes in the human body, which leads to lung function

decline [89]. The diaphragm is the main muscle involved in breathing and moves air in and

out of the human lung. This muscle becomes weaker, and its ability to inhale oxygen and
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exhale carbon dioxide decreases with age [90]. Lung tissues, which keep airways open, also

lose their elasticity with age and may cause collapse in airways [86, 87, 91]. Alveoli, small

sacs where gas exchange happens, can lose their shape and become baggy [91]. Consequently,

breathing generally becomes more difficult over time.

Generally, aging induces morphological and tissue property changes in human alveolar

sacs. These changes influence alveolar sacs mechanics and gas exchange [27,31,92–94]. Quirk

et al [91], used MRI with hyperpolarized 3He and detected age-dependent morphological

changes in the acinar region. They monitored decline in alveolar depth, alveolar density,

surface area, and surface to volume ratio and increases in lumen radius, volume, mean chord

length, and acinar airway radius. Moreover, an increase in alveolar wall thickness has been

observed in older subjects in previous experimental studies [87,91,95,96]. In addition to the

structural changes, aging imposes material properties changes on alveolar sacs [86, 87, 91]

and this leads to an increase in tissue bulk and shear modulus [86,87,94].

In the case of lung failure, patients often need Mechanical Ventilation (MV) devices to

assist them in inhaling oxygen to the respiratory system. Age-related changes pose a higher

risk for mortality under MV, and many important decisions have to be made once it is deter-

mined that a patient needs MV, including MV mode and parameter settings. Classically, MV

modes are divided into pressure and volume controlled modes. Volume-controlled mode has

been recently identified as the preferred ventilatory mode [97]. Breathing frequency, Tidal

Volume (TV) and I/E (inhalation/exhalation) ratio are the main parameters set for the

volume-controlled mode. Ventilator settings do impact respiratory system function, and it is

therefore important that the settings for MV devices minimize lung injury.

Many studies have focused on age-related changes and their influences on respiratory

system mechanics. It has been shown that while lung static compliance increases with aging,

chest wall compliance decreases due to stiffening and there is an increased outward recoil of

the thoracic cage [24–28]. In addition to compliance, WOB has been identified as a major

parameter that would be affected by age-related changes. Although, it is anticipated that an
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older person sustains ventilation by smaller applied forces on the thoracic cage accompanied

with a corresponding reduction in the elastic WOB, an increase in the rigidity of chest wall

offsets this advantage [29–31]. It has also been determined that airspace enlargement leads

to a decrease in recoil pressure in older alveolar sacs [26, 32, 33]. Age-related changes have

been accepted as main factors that lead to a decline in lung function, but it is unclear if these

changes are due to structural changes or tissue property changes in alveolar sacs. Alveolar

mechanics have been investigated under normal conditions while their functionality under

MV conditions has only recently been studied. It is important that age-related changes in

alveolar sacs mechanics under MV be investigated as there is a possibility that the MV device

settings would also affect alveolar sacs mechanics.

In this study, the contributions of morphological and tissue property changes as well as

differences in ventilator device settings were investigated to assess their impact on decline

in alveolar sacs function. This paper is organized into four sections. In the first section, the

impact of age-related morphological and tissue property changes on alveolar sacs function

is investigated, and the results are discussed. In the second section, influence of individual

difference on alveolar sacs function is explored and confidence intervals for measured values

for different case studies at older ages are presented that reflect the applicability of results

from this study to the elderly. In the third section, normalized results for volume-controlled

and pressure-controlled MV modes are compared to investigate the effect of MV mode on

alveolar sacs mechanics in the elderly. The fourth section is devoted to sensitivity analysis of

alveolar sacs mechanics to ventilator device settings. Influence of TV, breathing frequency

and I/E ratio in volume-controlled mode on the alveolar sacs function in the elderly is eval-

uated. Efforts were made to identify the best settings for MV devices to improve breathing

conditions specifically for older patients.
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3.2 FSI approach

Quirk et al [91] performed MRI with hyperpolarized 3He gas on 24 healthy nonsmokers

ages 19 to 71 years. They presented a linear correlation between adults acinar morphome-

tric parameters and age with 95% confidence intervals (Table A.1). As discussed in their

study, alveolar depth decreases and lumen diameter and mean chord length increase in older

cases [86, 91]. Moreover, previous experimental studies presented that older alveolar sacs

have thicker walls compared to younger models [87, 95]. To investigate changes in alveolar

sacs function with age, 3D models of 50 (young) and 80-year-old (old) human alveolar sacs

were built in CAD software based on anatomical dimensions presented for alveolar sacs in

previous experimental studies [86, 87, 91, 95]. Additional details regarding the constructed

models for 50 and 80-year-old alveolar sacs in this study are presented in Figure A.1 and

Table A.1.

Next, constructed geometries for 50 and 80-year-old alveolar sacs were imported to

ANSYS transient structural and Fluent solver. Four different case studies were consid-

ered to explore the influence of morphological and tissue property changes on alveolar sacs

mechanics. Case 1 included morphological and tissue properties of the 50-year-old model.

Case 2 had the geometry of the 50-year-old and the tissue properties of 80-year-old alve-

olar sacs. Case 3 contained the structural properties of 80-year-old alveolar sacs and tissue

properties of the 50-year-old alveolar sacs, while case 4 had the morphological and tissue

properties of 80-year-old alveolar sacs. FSI was employed for all case studies to investigate

the interaction of alveolar sacs structure and induced air into the model [83]. Based on the

number of iterations required for convergence, the time step was set to 0.1 (s). All geome-

tries were meshed using tetrahedral elements, and dynamic mesh was activated for the fluid

domain. Mesh convergence was performed, and a 2 million mesh size was set for the fluid

domain, and a 1.8 million mesh size was fixed for the solid domain. Figure A.2 includes a

magnified FE mesh and mesh elements for the 50 and 80-year-old alveolar sacs.

Boundary conditions were set for young and elderly patients according to the MV mode.
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Alveoli contain some collagen and elastic fibers, which allow the alveoli to stretch as they

are filled with air during inhalation. Then they spring back during exhalation to expel the

carbon dioxide-rich air. Since alveolar sacs were considered separate from the whole lung

in the simulations, free displacement in radial direction and fixed longitudinal and rota-

tional displacement were established as boundary conditions for the solid domain as shown

in Figures 3.1 and 3.2.

3.3 Volume-controlled ventilation mode

For the volume-controlled MV mode, flowrate waveform during MV was defined as the

boundary condition for the fluid domain in the form of constant and exponentially decreasing

flowrate profiles for inhalation and exhalation and imported as UDF files. Total breathing

time (tt) for each cycle was determined from breathing frequency (tt is equal to 60
frequency

)

and the ratio of inspiratory time (tin) to expiratory time (tex) was set to 1:3 [98]. Flowrate

is equal to the volume change per unit time and is defined according to alveolar sacs volume

change from collapsed to expanded condition during inhalation(V olumechanges
tin

). Since the area

under the flowrate waveform is equal to TV [98], TV was set to 8.3e−5 mL (volume changes

of 50-year-old alveolar sacs from collapsed to expanded condition). The integral of expo-

nential exhalation flowrate waveform was set to TV [31, 98, 99] and exponential function

was correspondingly estimated. Flowrate waveform was generated for four breathing cycles.

Since the 3D geometrical model was constructed based on expanded dimensions, flowrate

was assumed to be equal to zero during inhalation time in the first breathing cycle. The air

filled the alveolar sacs model during the first inhalation time then the breathing followed

the whole breathing flowrate waveform for the remaining breathing cycles. The generated

flowrate waveform function and the four breathing cycle patterns are presented in Table A.2.

Two-way FSI was conducted for the volume-controlled mode where governing equations

for fluid and solid domain were solved iteratively as shown in Figure 3.1. The velocity field

within the alveolar region was numerically calculated by solving 3D incompressible laminar
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Figure 3.1: Methodology for volume-controlled analysis

Navier-Stokes and continuity equations in a 3D mesh domain with a control volume approx-

imation [84]. The continuity equation Eq. 3.1 and the Navier-Stokes equations Eq. 3.2 were

solved numerically on a moving grid using a commercial finite-volume based program with

fully implicit time marching techniques under isothermal conditions in ANSYS fluent solver

[100].

∇.u = 0 (3.1)

ρf

(
∂u

∂t
+ u.∇.u

)
= −∇p+ µ∇2u (3.2)
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where u, ρf , p, µ are the velocity field, air density, pressure and dynamic viscosity, respec-

tively. Calculated pressure from the fluid domain was transferred to the solid domain, and

governing equations for the solid domain were solved corresponding to the output of the fluid

domain.

The time-dependent structural equations were used as governing equations for the move-

ment of the alveolar sac solid domain during inhalation and exhalation as shown in Eqs.

(3.3,3.4):

∂σij
∂xj

+ Fi = ρs
∂2xi
∂t2

(3.3)

σij = Eijmnεmn (3.4)

where σ, F, ρ, x, E and ε are the stress in each direction, body force, density, displacement,

elasticity tensor, and strain in each direction. Hyperelastic Neo-Hookean material parameters

were adopted for the alveolar wall tissue materials for the FSI simulation. For Compressible

Neo-Hookean material, Eq. 3.5 gives the strain energy density function:

W =
G

2

(
I1 − 3

)
+Km (J − 1)2 (3.5)

where J is equal to the determinant of deformation gradient, I1 = J−
2
3
I1 is the first invariant

of the isochoric part of right Cauchy-Green deformation tensor, and I1 is the first invariant

of the right Cauchy-Green deformation tensor. G and Km are the shear and bulk modulus,

respectively. Both shear and bulk modulus increased with age. An increase in elastin content

with aging has been shown to lead to an increase in alveolar diameter and tissue forces

[86, 87]. The shear and bulk modulus values considered for the 50 and 80-year-old alveolar

sacs tissues are presented in Table A.1. The displacement response from the solid domain

was imported to fluid domain. These iterations were continued until convergence was reached

for all data transferred and field equations [101] as shown in Figure 3.1.
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3.4 Pressure-controlled ventilation mode

For the pressure-controlled mode, one-way FSI was employed as shown in Figure 3.2. For this

case, instead of flowrate waveform for the fluid domain, pressure was applied on the solid

domain, and governing equations for the solid domain were solved until the convergence

criteria were reached [102]. As shown in Table 3.1, pressure equal to 10 cmH2O was applied

to the alveolar sacs wall and inhalation to exhalation time ratio was set equal to 1:2 [98]. The

calculated displacements from the solid domain were then transferred to the fluid domain, and

governing equations for the fluid were solved. Then, the structure displacement was calculated

for the next time step. The solution is considered to be complete when the maximum number

of time steps is reached. Next, the normalized results for the volume-controlled and pressure-

controlled modes were compared to explore the influence of ventilatory mode change on

breathing condition in older alveolar sacs.

3.5 Statistical analysis

Alveolar sacs wall thickness, and bulk and shear modulus for 80-year-old were varied statis-

tically to investigate influence of individual difference on alveolar sacs function. Dimensions

of constructed 3D models are presented in Table A.3. FSI analysis was conducted for all case

studies and results for alveolar sacs compliance and WOB were compared. Significance level

of p < 0.05 was considered and two-tailed z test was employed to test the null hypothesis of

no significant difference relevant to individual differences. In addition, percentage of change

and the confidence interval, that reflects the applicability of presented results for the given

samples in this study, were calculated to be able to generalize conclusions from this study

to the elderly.
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Figure 3.2: Methodology for pressure-controlled analysis.

3.6 Sensitivity analysis

The volume-controlled ventilation mode allows for an easier approach to monitoring respi-

ratory mechanics. Therefore, the volume-controlled mode has been recently identified as the

preferred ventilation mode [97]. Subsequently, the sensitivity of alveolar sacs functionality

to parameter settings in the volume-controlled mode (breathing frequency, TV and ratio of

inhalation to exhalation time) were investigated. In general, higher breathing frequency and

lower TV are recommended for older patients [99]. Consistent with this practice, considered

values of these parameters in this study were increased and decreased by 10%, and FSI was
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conducted for all case studies. The results were compared to evaluate the influence of each

parameter on older alveolar sacs mechanics.

3.7 Results

3.7.1 Applied pressure

Previous studies have indicated that elastic recoil pressure of the lung decreases with age.

Janssens et al. [26] identified a rate of 2 cmH2O and Niewoehner et al. [33] reported a rate

of 1.2 cmH2O per decade for 25 and 60-year-old lungs. In addition, Subramaniam et al. [94]

suggested that alveoli expansion begins when pressure reaches 25 cmH2O. They expanded

the alveolar sac model by applying pressure to internal surfaces of the alveoli isotropically.

Although applied pressure on alveolar sacs wall increases during inhalation, it will decrease

during exhalation. Accordingly, applied pressure in a volume-controlled mode in this study

was recorded as 10 cmH2O for the 50-year-old and 2 cmH2O for the 80-year-old cases during

inhalation while this value was decreased while exhaling air. Subramaniam et al [94], pre-

sented volume increase from reference volume. Results for volume changes from reference

volume for the same amount of applied pressure on the alveolar sacs wall were compared

with results from Subramaniam et al study [94]. Lower pressure values resulted in lower

volume changes for the same amount of applied pressure on the alveolar sacs wall. The

volume changed about 0.06% and 0.2% at pressure equal to 2 cmH2O for the 50 and 80-

year-old alveolar sacs models considered in this study, while Subramaniam et al reported

volume changes of 3.4% and 6.8% at pressure equal to 2 cmH2O for 20 and 60-year-old

alveolar sacs [94]. One reason for the discrepancy may be due to the fact that lower pressure

was applied on the alveolar sacs wall in this study. In addition, larger volume changes at the

same pressure values are recorded in older alveolar sacs model compared to younger alveolar

sacs models (Figure A.1).

FSI was conducted for 50 and 80-year-old alveolar sacs for the volume-controlled mode
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and post-processed results were compared to evaluate contribution of age-related tissue prop-

erties and morphological changes to a decline in alveolar sacs function. In general, age-related

changes decreased applied pressure on the alveolar sacs [94]. Figure 3.3 illustrates the pres-

sure distribution in four different case studies of 50 and 80-year-old alveolar sacs models. As

can be seen, during inhalation at t equal to 8 (s), a high amount of pressure was applied

on the duct area by inhaling air into the model. On the other hand, during exhalation at

t equal to 9.2 (s), pressure was highly distributed in the sacs region and is almost equal

to zero in the duct region. Also, significant pressure values were noted at the bottom of

the 50-year-old alveolar sacs model during inhalation. Finally, age-related changes decreased

applied pressure on older alveolar sacs.

3.7.2 Alveolar sacs dynamic compliance with aging

Alveolar sacs dynamic compliance is a measure of alveolar sacs ability to stretch and is equal

to the volume change per unit pressure change. The slop of pressure-volume graph for specific

pressure change illustrates the dynamic compliance. Pressure-volume loops were plotted for

different breathing cycles for 50 (Figure 3.4B) and 80-year-old alveolar sacs (Figure 3.4C)

under MV. It was hypothesized that cyclic breathing patterns would affect the pressure-

volume loop. Figure 3.4 illustrates that compliance decreased in each breathing cycle and

hardened the alveolar sacs expansion, and as a result, more energy would be required to

inhale air into the model. Required energy for breathing, which is equal to the enclosed

pressure-volume loop area, increased by 40% for the 50-year-old model and 30% for the

80-year-old model.

Pressure-volume loop testing was also employed to investigate the influence of aging on

compliance. It was hypothesized that aging would decrease alveolar sacs compliance which

means older alveolar sacs would have less tendency to expand compared to younger sacs.

Hence, different case studies were considered to investigate the contributions of tissue prop-

erties and morphological changes on compliance decline in older alveolar sacs. Morphological
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Figure 3.3: Pressure distribution during inhalation (t=8 s) and exhalation (t=9.2 s) for Case
1 (morphological and tissue properties of the 50-year-old alveolar sacs), Case 2 (morpho-
logical of 50-year-old alveolar sacs and tissue properties of 80-year-old alveolar sacs), Case
3 (morphological of 80-year-old alveolar sacs and tissue properties of 50-year-old alveolar
sacs), and Case 4 (morphological and tissue properties of 80-year-old alveolar sacs).

changes in older alveolar sacs emerged as the main factor for compliance decline in older

sacs (Figure 3.5). Compliance decreased by almost 40% for the 80-year-old as compared to

the 50-year-old alveolar sacs as shown in (Figure 3.5B).
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Figure 3.4: Flowrate waveforms for four breathing cycles and pressure-volume loop for dif-
ferent breathing cycles for (B) Model with morphological and tissue properties of the 50-
year-old alveolar sacs (Case1) and (C) Model with morphological and tissue properties of
the 80-year-old alveolar sacs (Case 4).

3.7.3 Effects of age-related changes on WOB

WOB is defined as the energy required to inhale oxygen and exhale carbon dioxide. The area

enclosed by the pressure-volume loop is a measure of the WOB. The magnitude of the WOB

depends on the ventilation associated with a given effort and the mechanical efficiency of the

chest wall. It is expected that an older person could sustain a given ventilation by applying

smaller forces to the thoracic cage, with a corresponding reduction in the elastic WOB

[30]. The area enclosed by pressure-volume loops for 50 and 80-year-old alveolar sacs were

calculated. It was hypothesized that older alveolar sacs would have smaller WOB compared
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(B)

(A3)

Figure 3.5: (A1-A3) Pressure-volume plots for considered case studies (case 1 with morpholog-
ical and tissue properties of the 50-year-old alveolar sacs, case 2 morphological of 50-year-old
alveolar sacs and tissue properties of 80-year-old alveolar sacs, Case 3 with morphological
of 80-year-old alveolar sacs and tissue properties of 50-year-old alveolar sacs, Case 4 with
morphological and tissue properties of 80-year-old alveolar sacs) and contribution of tissue
properties and morphological changes in older alveolar sacs compliance decline (B) and WOB
decrease (C) .

to younger models, and results confirmed that morphological changes are the main reason

for the decrease in WOB magnitude (see Figure 3.5C).

However, increase in the rigidity of the chest wall and airway collapse both augment

resistive work, so the total WOB is likely to be greater in an older person in comparison to a

younger person. In order to capture the increase in WOB, applied pressure on the diaphragm

has to be considered in future in the simulations.
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3.7.4 Influence of MV mode on alveolar sacs function

MV mode influence on alveolar sacs mechanics was evaluated for the 80-year-old alveolar

sacs model. According to previous studies, volume-controlled mode decreases distending

pressure compared to pressure-controlled mode [97]. It was therefore hypothesized that

applied pressure in volume-controlled mode would be smaller compared to applied pressure in

pressure-controlled mode. Furthermore, measured pressure and volume for volume-controlled

and pressure-controlled mode were normalized and corresponding WOB and compliance

values for volume-controlled and pressure-controlled modes were calculated and compared.

As shown in Table 3.1, WOB increased by 10 percent for volume-controlled mode while

volume-controlled mode decreased compliance by almost 52 percent compared to pressure-

controlled mode.
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Table 3.1: MV mode effects on 80-year-old alveolar sacs mechanics

Waveforms
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pressure
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WOB for
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10 0.51 0.98

Remarks

80%
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10%
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volume-
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52%

decrease

in volume-

controlled

3.7.5 Influence of individual differences on alveolar sacs function

A 0.05 significance level and two-tailed z test were employed in this study. Accordingly,

upper and lower tail were set equal to 0.025. The z values that corresponds to upper and

lower tail are -1.96 and 1.96. Thus, the null hypothesis of no difference will be rejected if

the computed z statistic falls outside the range of 1.96 to 1.96. Computed z statistics for

40



alveolar sacs compliance and WOB were equal to -0.95 and -1.55, respectively. Therefore,

the null hypothesis of no difference could not be rejected. Moreover, estimated range of

values that include 95% of compliance and WOB values from considered case studies with

morphological and tissue properties between 75 to 85-years-old alveolar sacs are presented in

Table A.4. It was observed that individual differences resulted in less than 10% difference for

both compliance and WOB values in the elderly (see Table A.4). This difference is considered

negligible. Therefore, results from this study are applicable and can be generalized to the

elderly.

3.7.6 Sensitivity of alveolar sacs function to MV devices setting

Since volume-controlled mode has been recently identified as the preferred mode for venti-

lator devices, sensitivity of alveolar sacs mechanics (WOB, strain and compliance) to ven-

tilator devices settings in the volume-controlled mode (TV, breathing frequency and I/E)

was measured. Changing MV parameters can improve breathing condition. For instance,

previous studies have shown that the adoption of a slower expiration may reduce premature

airway collapse occurrence. This will not only be helpful in its own right but will also reduce

the WOB and ventilatory demand [30]. Therefore, the considered values for TV, breathing

frequency and I/E in this study were increased and decreased by 10 percent and FSI was con-

ducted for all case studies. Results indicated that decreasing I/E increases WOB, compliance

and strain significantly. An increase in frequency also increased WOB and strain and com-

pliance. Increasing frequency had the most influence on strain enhancement. Decreasing TV

also decreased WOB and strain but increased alveolar sacs compliance as shown in Figure

3.6. Although, increasing frequency and decreasing I/E increases WOB, it also increases

alveolar sacs and compliance. Therefore, increasing breathing frequency and decreasing I/E

and TV would improve breathing conditions for older alveolar sacs under MV.
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Figure 3.6: Sensitivity of WOB, strain and compliance to volume-controlled mode parameters
(TV, breathing frequency and I/E).

3.8 Limitations

Fixed longitudinal displacement was considered as a boundary condition for the solid domain

in the FSI analysis in this study. While elastic support could be considered in future studies,

access to bronchiole tissue properties changes with age will be required. In addition, a

decrease in WOB of older alveolar sacs was observed while an increase in the rigidity of

the chest wall and airway collapse resulted in greater total WOB in an older person in
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comparison to a younger person. Therefore, applied pressure on the diaphragm has to be

considered in the simulations to capture the increase in WOB.

3.9 Conclusions

Aging is associated with morphological and tissue properties changes in alveolar sacs that

would influence alveolar sacs functionality significantly. FSI was employed to study younger

(50) and older (80) alveolar sacs models under MV. Older alveolar sacs had lower pres-

sure compared to younger alveolar sacs models. Findings also indicated that morphological

changes have a major impact on decline in alveolar sacs function. Alveolar sacs enlargement

in older models led to a decrease in compliance of alveolar sacs and WOB. Although WOB

is decreased in single alveolar sacs, an increase in the rigidity of the chest wall would neu-

tralize this decrease in WOB. In reality, WOB would increase in older patients. Apart from

morphological and tissue properties changes in alveolar sacs, ventilator device settings may

also influence their functionality, specifically in older patients. MV mode was altered from

volume-controlled mode to pressure-controlled mode and it was observed that applied pres-

sure on alveolar sacs wall decreased in volume targeted mode and WOB increased in volume-

controlled mode as compared to pressure-controlled mode while compliance decreased signif-

icantly in volume-controlled mode. Statistical analysis illustrated that influence of individual

differences on alveolar sacs function is negligible and results are applicable to the elderly.

The results of sensitivity of alveolar sacs under volume-controlled mode showed that their

function is highly sensitive to I/E and breathing frequency. Therefore, increasing frequency

and decreasing I/E would increase alveolar sacs expansion and compliance. Decreasing TV

decreases WOB while increases in the other two parameters increases WOB. Consequently,

increasing breathing frequency and decreasing I/E and TV would help improve breathing

conditions for older patients under MV.
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Chapter 4

Fractal Geometrical and Structural Properties of Normal and Diseased

Bronchial Tree with Age 1

1P. Aghasafari and R. Pidaparti. “Fractal Geometrical and Structural Properties of Normal
and Diseased Bronchial Tree with Age.” To be submitted to IEEE Transactions on Biomedical
Engineering. *First coauthor.
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abstract

Fractals are mathematical constructs that provide information about self-similarity and the

morphological complexity by non-integer fractal dimension (FD). Fractal dimension (FD) of

bronchial tress can be employed to evaluate geometrical complexity, and the irregularity of

shapes and patterns observed in respiratory disease. In addition, electrical analogy of elastic

airways can be used to provide insights on changes in mechanical properties of airways. This

study focused on changes in geometrical complexity of normal and diseased bronchial tree

with age using FD measures and estimated the respiratory airways resistance, compliance

and air inertia within airways using their equivalent electrical model. Observation from

this study illustrated that lower airways sustain more significant changes compare to upper

airways. Results from this study could provide invaluable insights about respiratory disease

and changes in mechanics of breathing with age.

4.1 Introduction

Bronchial tree has a progressively branching structure, which consists of trachea, bronchi,

bronchioles, alveolar ducts, alveolar sacs, and alveoli. It conducts air from the trachea into

the lungs. Human bronchial tree develop up to 25-year-old and start to lose its functionality

approximately at 35-year-old [31]. Different parameters influence breathing condition during

our lifetime such as; age and respiratory disease. Complex morphology of the bronchial tree

causes difficulty in diagnosis and visual interpretation of age-related changes and respiratory

disease, such as Asthma and chronic obstructive pulmonary disease (COPD) [3]. In addition,

pulmonary function tests are not very sensitive measures of lung disease specifically in early

stages of respiratory diseases [4] and we can not repeat the tests to confirm decisive assump-

tion. Hence, mathematical models provide alternative to repeating experimental tests.

Fractal geometry are the best existing mathematical descriptions of lots of natural forms,

such as bronchial tree [17]. It can be used to estimate geometrical complexity, and shapes
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irregularity in lung [16]. Mandelbrot presented the first fractal airways structure [103]. Frac-

tals have three main properties. First, self-similarity, whereby any small piece of the fractals

is an exact replica of the whole [104]. Second, scale-free properties which means that they

appear the same over multiple scales [105]. Third, fractal have a non-integer FD that describes

morphological complexity, and provides information on the self-similarity properties of the

fractal geometry [106]. Since most of lung diseases affect the morphology of the bronchial

tree, the FD of the bronchial tree as its morphological measures offer an alternative way for

quantitative respiratory disease evaluation [16,17].

The FD is an index of the space-filling properties of lung [107], which is related to existing

asymmetry in healthy bronchial tree and the optimality of ventilation, whereas a diseased

bronchial tree contains significant heterogeneities and the optimal ventilation conditions are

not anymore fulfilled [22]. Therefore, we can employ the FD to evaluate the amount of

progress, and type of respiratory disease. Several methods have been developed to estimate

the FD of bronchial tree for optimizing computation time, or reaching better precision. Box

counting dimension is a way of determining the FD of a fractal geometry and is equal to

number of required boxes to cover the geometry in MRI images [16, 18–21]. Other study

presented FD of the bronchial tree using a modeling technique based on one of the variants

of the Von Koch curve [17]. More-complete descriptions of the other methods of calculating

FD in fractal objects have been described in previous studies [108,109]. Although, different

algorithms are used in each method, but they all follow the same basic premise: they mea-

sure the specific characteristic of an object at different scales, then plot logarithm of these

characteristic versus logarithm of scale, and fit a least-squares regression line to the plot.

The slope of the resulting line is equivalent to the FD of the fractal object [108].

In addition, electrical analogy for elastic airways that combines tidal breathing conditions

and bronchial trees morphology provides insight on changes in mechanical parameters of the

respiratory airways such as resistance, inertance, and compliance of the respiratory airways.

Previous studies developed equivalent electrical models and estimated changes in resistance,
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inertance, and compliance parameters in healthy and diseased airways [22, 23] but none of

them focused on the age-related changes in mechanical properties of bronchial tree. It would

be interesting to use equivalent electrical model to investigated changes that might happen

in mechanical parameters of normal and diseased airways with age.

This study estimated the FD dimension and mechanical parameters of normal and dis-

eased bronchial tree with age and is divided into two main sections: the first section presents

the fractal model of bronchial trees and investigate the influence of aging and respiratory

disease (asthma and COPD) on FD and space filling of bronchial trees. The second section is

devoted to derivation of resistance, inertance, and compliance airways at different bifurcation

level at 20, 50 and 80-year-old case studies. Results are compared and the most sensitive

bifurcation generations to the influence of aging and respiratory disease are highlighted.

4.2 Methods

Since bronchial tree is a 3D fractal structure and most of lung diseases affect the morphology

of the bronchial tree, we calculated FD of the bronchial tree for quantitative lung aging and

disease (asthma and COPD) evaluation. We employed mathematical description for lung

with COPD and asthma in previous studies. We altered airways radius and thickness to

simulate disease condition in bronchial tree. Where airway wall inflammation and thickening

with mucus in asthma are represented by altering the radius by R−0.5×h and wall thickness

by 1.5× h. Increased resistance and airway wall thickening in COPD have been represented

by R − 5 × h and 6 × h in small conducting airways (levels 11-13) and by 1.5 × R in

acinar airways (levels 13-24), combined with alveolar wall destruction of the emphysematous

lung parenchyma with thickness equal to 0.00001 mm. We presented that airways diameter

has a power-law distribution versus bifurcation generations which illustrate self-similarity

properties of bronchial trees. We calculated the slope of the best linear segment of the log-

log plot of airways diameter versus generation level for normal lung and lung with COPD

and asthma at three different age (20, 50 and 80-year-old), by performing the least-square
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method iteratively over all linear segments and equate it to the FD measure.

The history of the concept of botanical tress back to the Leonardo da Vinci statement;

“the cross-sectional area of the trunk is equal to the sum of the cross-sectional areas of

the branches within each generation” [110]. Therefore, the diameter of the daughter braches

should be relevant to the diameter of the parent branch. Figure (4.1) depicts a schematic

representation of an airway bifurcation from parent airways to two branching daughters.

Figure 4.1: Schematic representation of an airway branch bifurcation in bronchial tree.

We constructed symmetrical bronchial tree models from generation level 11 to 24 at dif-

ferent age for normal and diseased lung using actual morphometric data for human airways

radius (R), length (L) [111,112] and computed bifurcation angle within consecutive genera-

tion levels (m, m+1) by Eq. (4.1) and compared space filling trees for normal and diseased

trees at different age.

Cosϕ =
Rm

2Rm+1

(4.1)

4.3 Equivalent electrical model for bronchial tree

We also estimated the mechanical parameters of the respiratory airways (resistance, iner-

tance, and compliance) utilizing morphological parameters to correlate pathologic changes

with fractional-order models. For this aim we considered electrical equivalent for airways
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resistance, inertance and compliance similar to the approach in Ionescu et al study [22]. The

discussed mechanical parameters can serve as elements in a transmission line equivalent Fig.

(4.2), whose structure preserves the geometry of the human respiratory tree.

Figure 4.2: Schematic representation of an airway branch bifurcation in bronchial tree.

In this approach, electrical resistance Re (kPas/l) is equivalent to airway resistance

resulted from airflow dissipation. Electrical capacitors Ce (l/kPa) is equivalent to airways

volume compliance, which is a measure of the airways ability to stretch, and expand and elec-

trical inductors Le (kPas2/l) is equivalent to airways inertance which is relevant to inertia

of air in the airways. As it has been shown in Ionescu study, airways resistance, inertance

and compliance can be estimated in terms of morphological parameters of airways such as;

airways wall thickness, inner radius, length, and tissue structure as follow:

Re = l
µδ2

πR4Ḿ0

Sin(ε0) (4.2)

Le = l
ρ

πR2Ḿ0

Cos(ε0) (4.3)

Ce = l
2πR3(1− ν2)

Eh
(4.4)

δ = R

√
ωρ

µ
(4.5)

ω = 2πf (4.6)

Ḿ0 e
ε0 = 1− 2J1(δj

3
2 )

J0(δj
3
2 )δj

3
2

(4.7)

The parameters used in the above equations represent airway inner radius (R), airway

length (l), tissue young modulus (E), tissue thickness (h), Dynamic viscosity of air (ρ) equal
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to 1.075, Poisson ratio (ν) equal to 0.45, Phase angle of complex Bessel function of first kind

and order zero (ε0) (Eq. 4.7), Modulus of complex Bessel function of first kind and order zero

(Ḿ0) (Eq. 4.7), Womersley parameter (δ), angular frequency (ω) and breathing frequency (f)

equal to 0.2 (hertz) in this study. We used presented morphological parameters in previous

studies Table (4.1) and calculated normal and diseased airways resistance, inertance, and

compliance from generation 11 to 24 for 20,50 and 80-year-old case studies and compared the

results and illustrated the influence of aging, COPD and asthma on mechanics of breathing.

Table 4.1: Alveolar Sacs’ dimensions for current study

Generation 11 12 13 14 15 16 17 18 19 20 21 22 23 24

20

R (mm) 1.2 0.65 0.52 0.40 0.32 0.25 0.24 0.23 0.18 0.16 0.14 0.12 0.1 0.06

l (mm) 9.50 6.95 6.42 4.37 3.59 2.29 2.02 1.5 1.39 1.25 1.09 0.98 0.85 0.59

h×10−3 6.91 6.91 6.38 5.85 5.85 5.31 5.31 4.78 4.78 5.59 5.12 4.20 4.28 3.57

E×104 6.97 6.97 6.74 6.61 6.55 6.49 6.37 6.31 6.17 6.05 5.37 5.37 5.37 5.37

50

R (mm) 0.93 0.50 0.40 0.31 0.25 0.19 0.18 0.18 0.14 0.13 0.11 0.09 0.08 0.04

l (mm) 7.31 5.35 4.94 3.36 2.76 1.76 1.55 1.15 1.07 0.96 0.84 0.75 0.64 0.45

h×10−3 11.52 11.52 10.63 9.74 9.74 8.86 8.86 7.97 7.97 7.26 6.64 6.00 5.56 4.63

E×104 7.79 7.79 7.53 7.39 7.32 7.25 7.12 7.05 6.89 6.76 6.00 6.00 6.00 6.00

80

R (mm) 0.65 0.35 0.28 0.21 0.17 0.13 0.12 0.13 0.09 0.09 0.07 0.07 0.06 0.03

l (mm) 5.12 3.75 3.46 2.35 1.93 1.23 1.09 0.81 0.75 0.67 0.59 0.53 0.42 0.32

h×10−3 14.97 14.97 13.81 12.66 12.66 11.51 11.51 10.36 10.36 9.43 8.62 7.80 7.22 6.02

E×104 8.60 8.60 8.32 8.17 8.09 8.02 7.87 7.79 7.61 7.47 6.63 6.63 6.63 6.63

4.4 Results

4.4.1 Morphological changes in normal and diseased lung with age

In order to monitor morphological changes in human airways with disease, we plotted airways

radius versus generation numbers for normal and diseased lungs. We observed that changes

within airways dimensions could be represented by power law distribution, which means that
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a relative change in airways generation results in a proportional relative change in airways

radius. This presents self-similarity properties of lung as fractal geometries (Fig 4.3).

Figure 4.3: a) Bronchial tree and normal and b) diseased airways radius versus bifurcation
generation.

To compute FD in normal and diseased lung at different age group, we plotted log-log

graphs of the reciprocal of the airways diameter, against the airways generation number.

The slope of the best linear segment of the graph, calculated by performing the least-square

method iteratively over all linear segments represented the FD of the considered case studies.

We observed that asthma increased FD and this increase has upward trend, as we get older.

In contrast, COPD decreased FD significantly and as we get older decrease in FD became

more significant in lungs with COPD. We also observed that FD decreased, as we get older

in normal and COPD condition, while FD increased in older lungs with asthma (Fig 4.4).

We also plotted lung fractal trees based on airways diameter and length and existing

relation between airways radius of consecutive levels. We observed shrinkage in lung fractal

tress as we get older (Fig 4.5 a, c) and we declared that COPD led to increase in space feeling

region compare to normal lung (Fig 4.5 b) and observed small decrease in lung space-filling

with asthma (Fig 4.5 b).

4.4.2 Aging and airways disease influence on mechanics of breathing

We investigated the influence of Age and respiratory diseases on mechanics of breathing at

different airways level. For this aim, we calculated the ratio of airways resistance, compli-
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Figure 4.4: FD of normal and diseased bronchial tree at 20, 50 and 80-year-old case studies.

ance and air inertance from 20 to 50-year-old and from 50 to 80-year-old. We observed that

changes from 50 to 80 are more significant than the changes from 20 to 50-year-old. Lower

airways sustained larger changes compare to upper airways. For example, airways resistance

increased by 2 times from 20 to 50 years old while from 50 to 80-year-old the resistance

in upper airways increased by 6 times and level 24,21 and 17 respectively had the biggest

changes by 12, 8.5 and 8.5 times compare to other airways level (Fig 4.6 a1). We also observed

that asthma increased airway resistance at lower airways level while COPD increased airways

resistance at upper airways (generation 11, 12 and 13) and decreased airway resistance by

0.4 time at airways generation 14 to 24 (Fig 4.6 a2, a3).

Aging would not change air inertance significantly compare to airway resistance. For

instance, air inertance almost increased by 1.5 times from 20 to 50-year-old while it increased
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Figure 4.5: a) Normal and diseased lung fractal tree at 20, 50 and 80-year-old case studies.
b) Changes in lung space-filling in diseased condition compare to normal condition at 20, 50
and 80-year-old. c) Changes in lung space-filling with age compare to lung space-filling at
20-year-old case study

by 2 times from 50 to 80-year-old. Similarly, generation 24, 21 and 17 had the highest iner-

tance ratio from 50 to 80-year-old by 2.5 and 2.2 and 2.2 times (Fig 4.6 b1). We discovered

the changes for air inertance are similar to changes for airways resistance. Asthma increased

air inertance at lower levels by 1.2 time and COPD increased it by 1.3, 1.6 and 1.8 times at

airways level 11, 12 and 13 and decreased it by 0.4 times at all age ranges (Fig 4.6 b2, b3).

In addition, we observed that aging decreased airways compliance at all generation levels.

By getting older decrease in compliance became more significant where we calculated almost

0.05 times decrease in compliance from 20 to 50-year-old and 0.2 times decrease from 50 to

80-year-old and detected bigger changes at generation level 20 to 23 by 0.25 times decrease
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in airways compliance (Fig 4.6 c1). We demonstrated that asthma decreased the airways

compliance compare to normal condition while COPD increased airways compliance specifi-

cally at lower airways level. We presented that asthma decreased compliance by almost 0.65,

0.6 and 0.55 at 20, 50 and 80-year-old respectively and the largest decrease happened at

alveolar sacs (generation 24). COPD mostly influenced lower airways generation from 18 to

24 and increased airways compliance significantly. It significantly increased compliance at

generation 18 compared to other generation (Fig 4.6 c2, c3).

a1 a3

c1 c3

Figure 4.6: Ratio of changes in mechanical properties of airways from 20 to 50-year-old and
50 to 80-year-old (a1, b1, c1) and mechanical properties of diseased airways at 20, 50 and
80-year-old (a2, a3: Airways resistance, b2, b3: Airways inertance, c2, c3: Airways compliance)
.
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4.5 Conclusion

Since most of respiratory disease influence morphology of bronchial trees, we employed FD

of the bronchial tree as morphological measure to evaluate lung disease quantitatively. In

addition, we employed equivalent electrical model to investigate the influence of age, asthma

and COPD on airways resistance, inertance and compliance. We observed that airways radius

versus bifurcation level can be represented by power-law distribution, which shows scale-free

properties of bronchial trees. Log-log plot of airways radius versus bifurcation level shows

linear trend, which illustrates self-similarity of bronchial tree. We observed that asthma

increased FD while COPD decreased FD and FD declines as we get older in normal and

COPD cases whereas it rose in lung with asthma. Changes in mechanical properties of air-

ways at different bifurcation level from 50 to 80-year-old were more significant than changes

from 20 to 50-year-old. Lower generations sustained bigger changes compare to upper air-

ways. Asthma mostly increased airways resistance and air inertia at lower airways while

COPD increased discussed parameters at upper airways. Changes in air inertance with age

is not as big as changes in airways resistance with age. We also observed that asthma declined

airways compliance compare to the normal condition and COPD significantly increased air-

ways compliance at lower airways.
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Chapter 5

Strain-induced Inflammation in Pulmonary Alveolar Tissue due to

Mechanical Ventilation 1

1P. Aghasafari, I.B. M.Ibrahim and R. Pidaparti. “Strain-induced Inflammation in Pulmonary
Alveolar Tissue due to Mechanical Ventilation.” Accepted by Biomechanics and modeling in
mechanobiology (2017): Reprinted here with permission of publisher. *First coauthor.
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abstract

Inflammation is the body’s attempt at self-protection to remove harmful stimuli, including

damaged cells, irritants, or pathogens and begin the healing process. In this study, strain-

induced inflammation in pulmonary alveolar tissue under high tidal volume is investigated

through a combination of an inflammation model and FSI analysis. A realistic three-

dimensional (3D) organ model for alveolar sacs is built and fluid structure interaction (FSI)

is employed to evaluate strain distribution in alveolar tissue for different tidal volume (TV)

values under the mechanical ventilation (MV) condition. The alveolar tissue is treated as a

hyperelastic solid and provides the environment for the tissue constituents. The influence

of different strain distributions resulting from different tidal volumes is investigated. It is

observed that strain is highly distributed in the inlet area. In addition, strain versus time

curves in different locations through the alveolar model reveals that middle layers in the alve-

olar region would undergo higher levels of strain during breathing under the MV condition.

Three different types of strain distributions in the alveolar region from the FSI simulation

are transferred to the CA model to study population dynamics of cell constituents under

MV for different TVs; 200, 500 and 1000 ml respectively. The CA model results suggests

that strain distribution plays a significant role in population dynamics. An interplay between

strain magnitude and distribution appears to influence healing capability. Results suggest

that increasing TV leads to an exponential rise in tissue damage by inflammation.

5.1 Introduction

Inflammation is an immune response to tissue stimulation and is a complex process that

involves diverse tissue constituents. It can be triggered by foreign matter entering the tissue,

or a mechanical signal. Inflammation that occurs when Mechanical Ventilation (MV) is

applied to support breathing in an alveolus environment is known to be induced by applied

strain on the tissue, which may be caused by over-inflating the airways. In the case of MV,
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this leads to a dilemma–MV is necessary to maintain respiration, but it may also cause the

lung to fail by inflammation related problems. In particular, the pressure needed to maintain

respiration under MV is more than normal breathing pressure. This is necessary to open pre-

sumed collapsed alveoli. The mechano-sensitive nature of pulmonary tissue has been known

for a long time. Foda et al [13], focused on identifying major factors in the development of

ventilator-induced lung injury. They demonstrated that high volume ventilation caused acute

lung injury. Copland et al [14], studied the influence of high lung tidal volume and gene acti-

vation induced by mechanical stretch that occurs in the absence of physiologic or structural

impairments in rat lung. They concluded that the pattern of gene activation that precedes

high lung tidal volume-induced injury plays a significant role in the pathogenesis of high tidal

volume-induced lung injury. Carnell et al [15], developed a histology-based methodology to

explore the relation between intramural stress and combined monocyte/macrophage density

and arteries branch elevation. They also tested the correlation between elevated stresses in

hypertensive bifurcations and inflammation increase. They observed that cell density peaks

appeared in regions where surface curvature would cause stress concentrations. They also

concluded that there is a strong positive correlation between mean stress and cell density

in each bifurcation. Experimental studies [113–115] infer the mechanotransduction nature

of lung tissue cells by statistical measurement of cytokines expression after they are sub-

jected to stress. These results however, ignore factors such as strain level and distribution.

There is also an issue of reproducibility where some cytokines are easily released in vitro

but not in vivo. Several studies have shown that various cell signaling pathways were acti-

vated by subjecting pulmonary tissue to static or cyclic stretch. The cell signaling pathways

during pulmonary tissue stretch may produce a number of proteins involved in inflammation,

including p38 [114,116], MAPK [116], IL-8 [117], MMP-2 [118], ERK and NF-B [119], MMP-9

[120] and NOS [121], that are responsible for producing TNF, a well-known cytokine associ-

ated with inflammation. It is recognized that cytokines are redundant; hence these cytokines

may be released by the same triggers. These various cytokines would play different roles in
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inflammation; some would cause inflammation or dysfunction of other organs and are the

precursor to biotrauma during MV. One way to study complex interactions between cells

and cytokines in the pulmonary tissue environment is to treat the interaction as a discrete

network. Insights might be gained from studying dynamics emerging from this interaction.

In this study, two different models are employed to study the strain-induced inflammation in

the pulmonary alveolar tissue environment. First, a realistic three-dimensional (3D) organ

model for alveolar sacs is built and fluid structure interaction (FSI) is employed to evaluate

strain distributions in alveolar tissue under the MV condition. Alveolar tissue is treated as

a hyperelastic solid and provides the environment for the tissue constituents. The tissue

constituents are mechano-sensitive cells that give rise to the dynamics at the cellular level

by bio-chemical signaling. Second, a discrete network system modeled by Cellular Automata

(CA) was used to represent the cellular model. Post processed strain distributions from FSI

are applied to the CA model to study population dynamics of cell constituents of tissue

under the MV condition. The results obtained from both the models regarding the mechan-

ical environment in alveolar tissue are discussed.

5.2 Materials and Methods

To investigate the strain-induced inflammation in a pulmonary alveolar tissue environment,

both fluid-solid interaction (FSI) and cellular automata (CA) models are employed. A real-

istic 3D organ model for alveolar sacs is built and hyperelastic material properties are

assigned to the alveolar tissue. FSI is conducted to obtain strain distributions in alveolar

tissue under MV condition. Appropriate boundary conditions are defined for FSI analysis

and governing equations for fluid and solid domain are solved iteratively to obtain the strain

distributions in alveolar tissue. These strains from FSI are applied to the CA model to study

cell population dynamics of the tissue. Figure 5.1 presents an overview of the strain-induced

inflammation model considered in this study.
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Figure 5.1: Overview of strain-induced inflammation in this study

5.2.1 Fluid Solid Interaction (FSI)

FSI studies that include both solid and fluid domains were used to investigate strain distri-

butions in the alveolar region [74]. A 3D realistic geometry of the alveolar region is created

based on realistic dimensions [80, 81, 122] and it is imported as geometry into the ANSYS

transient structural and Fluent solvers. Constitutive equations for structure and fluid are

integrated interactively in the time-domain, and structure displacement and fluid velocity

and pressure are obtained iteratively. In each iteration, fluent transfers the fluid dynamic

loads data to the transient structural solver at each pre-defined synchronization point and a
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transient structural solver transfers the structure response data to the FLUENT solver for

the next iteration. These iterations are repeated until a maximum number of stagger iter-

ations is reached or until the data transferred between solvers and all field equations have

converged [101]. Strain distribution from FSI are post processed for three different TVs and

results for strain are employed for CA model.

2
Inlet velocity Boundary conditions 

for fluid domain Dd

SL

Displacement B.Cs. 

for solid domain 

Displacement in 

X direction: Free 

Y direction: Fixed

Z direction: Fixed

ArAd

(a) (b)

Figure 5.2: Alveolar sac model geometry and B.Cs in the current study. a) Fluid domain b)
Cut view of solid domain with shell element.
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Table 5.1: Alveolar Sac Model dimensions from the current study compared to morphometry

reported in the literature

Parameters
Alveolar sac Model

current study

Dimensions

Literature review
References

Duct diameter

Dd (mm)
0.19 0.25

Haefeli-Bleuer and

Weibel [80]

Alveolus radius

Ar (mm)
0.15 0.14 Weibel[81]

Alveolus depth

D (mm)
0.2 0.23 Weibel [81]

Sac length SL

(mm)
0.87 0.75

Haefeli-Bleuer and

Weibel [80]

Number of

alveoli
24 17 Weibel [81]

5.2.2 Computational domain and boundary conditions

A 3D model of alveolar sacs is built with realistic dimensions. Shell element is considered

for the solid domain and space inside the alveolar region is devoted to the fluid domain. The

finite element converged mesh consists of 91540 and 60195 tetrahedrons and triangles for

the fluid and solid domains, respectively. Neo-Hookean hyperelastic material properties with

incompressible air are assigned to the alveolar wall and flowing fluid. In addition, pulmonary

alveoli are the terminal ends of the respiratory tree, which contain some collagen and elastic

fibers. The elastic fibers allow the alveoli to undergoes strain as they are filled with air during

inhalation. Then they spring back during exhalation in order to expel the carbon dioxide-rich
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air. Therefore, boundary conditions for the solid domain are allocated as free displacements

in the radial direction for the model and longitudinal and rotational displacement are fixed

for the simulation (Figure 5.2-Table 5.1). Nonuniform inlet velocity boundary conditions for

the fluid domain are defined in the form of constant and exponentially decreasing flow rate

profiles for inhalation and exhalation during MV in the form of UDF files which are presented

in Table 5.2.

Table 5.2: Inlet velocity waveform for MV

Inhalation/Exhalation MV

t ≤ Inhalation time (tin)
flowrate
S∗2g−1

(0 < tin 6 0.4s)

t > Exhalation time (tex) −flowrate×exp(− tin+tex
tin

)

S∗2g−1

(0.4s < tin 6 2s)

where S is equal to the alveolar duct cross section, g is equal to the generation number which

is equal to 23 in this study and flow rate is equal to the proportion of TV (lung volume that

represents the normal volume of air displaced between inhalation and exhalation when extra

effort is not applied) to the inhalation time. Three different values for TV (200 mL, 500 mL

and 1000 mL) are considered in the inlet velocity relationship to investigate their effects on

increasing or reducing the damage in alveolar tissues under MV condition.

Governing equations for Fluid

Since Reynolds numbers in the pulmonary sacs are generally sufficiently small [123, 124],

a 3D incompressible laminar Navier-Stokes and continuity equations in a 3D mesh domain

with a control volume approximation [84] are solved numerically to give the velocity field

within the alveolar region:
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∇.u = 0 (5.1)

ρf

(
∂u

∂t
+ u.∇.u

)
= −∇p+ µ∇2u (5.2)

where u is the velocity field, ρf is fluid density equal to 1.225 kg
m3 , p is the pressure, and µ is the

dynamic viscosity. The continuity equation represents the conservation of mass, Eq.5.1, and

the Navier-Stokes equations represent the conservation of momentum, Eq. 5.2 , that would

be solved numerically on a moving grid using a commercial finite-volume based program

with fully implicit time marching techniques under isothermal conditions in ANSYS fluent

solver [100].

Governing equations for structure

The governing equations for the movement of the alveolar sac walls during inhalation and

exhalation are the time-dependent structural equations shown below:

∂σij
∂xj

+ Fi = ρs
∂2ui
∂t2

(5.3)

σij = Eijklεkl (5.4)

In the equations above is the stress in each direction, F is the body force, ρs is the

density of tissue, u is the displacement, E is the elasticity tensor, and is the strain in each

direction. Hyperelastic Neo-Hookean material parameters have been assigned to alveolar wall

materials. Neo-Hookean hyperelastic materials have evolving nonlinear material properties

and often used in in large displacement applications [125,126]. Neo-Hookean model with free

energy density are adopted for FSI simulation in this study:

W =
G

2

(
I1 − 3

)
+Km (J − 1)2 (5.5)

where J = det(F) and I1 = J−
2
3
I1 . I1 is the first invariant of the left Cauchy-Green Tensor

C = FTF is the deformation gradient. G and Km are the shear and bulk moduli, respec-

tively. For this study G = 2000(Pa) andKm = 13.5(kPa) are considered for Neo-Hookean

parameters [126,127]. Also alveolar density is appointed as 196( kg
m3 ) [128].
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5.2.3 Coupling Fluid-Solid Interactions

For each time step during FSI, initially Equations. (5.1,5.2) are solved and applied forces

on the alveolar wall are calculated. Next, constitutive equations for solid are employed to

obtain alveolar wall displacement. Then, the generated mesh is updated with the diffusion-

based smoothing method in dynamic mesh in Fluent, based on the response of the structure.

Interactions between solid and fluid are restated iteratively for optimization. Next, post

processed results from FSI are used to investigate population dynamics of cells constituent

of tissue under MV with different TVs in the cellular level model.

5.3 Cellular Automata

CA is a discrete and rule-based model that has been used for both physics and biological

modeling. A well-known compilation of CA-oriented physical model is a work by Chopard and

Droz [129]. They covered common physical model such as fluid flow, elastic solid, diffusion

and reaction-diffusion. Ermentrout et al [130], compiled various CA model in biology. This

works covered CA model built to give pattern commonly found in biological system. The

models built based on description of the components and interactions in associated biological

system. Recent application of CA includes cancer spread modeling [131], disease infection

[132] and inflammation [37, 133, 134]. These models consist of several agents that interacts

to give rise to the dynamics of the environment. Reynolds et al [133], defined several agents

in the model that represent epithelium and macrophages with finite states. These agents

change states according to environmental interactions. Other studies would provide further

information on possible agents definition on CA model [37, 134]. A CA model typically

consists of a set of uniform cells (or agents), space represented by grids, and rules that

define the cells behavior. The cells can be seen as mini-computer that computes the rules.

Mathematically, a CA is defined in terms of set theory as a tuple:

A = {G,E, U, f} (5.6)
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where G ,E ,U and f are a grid of cells, set of finite states of cells, set of neighborhood and

set of local rule, respectively. The grid is typically defined as d-dimensional square grid, that

is G = Zd. The state is typically defined as a finite set of numbers (e.g. binary, real). There

is various definition of neighborhood, one of the most used is Moores neighborhood, defined

as U(xi) = {x| ||xi − x||∞ ≤ 1}. The local rule defines the evolution of state. The general

form of rule is,

zt+1(x) = f
(
zt
∣∣
U(x)

)
(5.7)

where zt(x) is state at x at time step t, and zt |U(x) is state at the neighborhood of x. Finally,

there needs to be a map from grid to states before applying the rules, that is z : G ⇒ E.

One of the most common forms of local rules in CA is employing conditionals, which can

also be represented as step function,

zt =

 1 if (A)

0, else
(5.8)

where A is conditional statement(s). The conditional statements typically involve the states

of neighbors. Other recurring local rule is the summation of states,

zt+1(x) = f
(
zt
∣∣
U(x)

)
(5.9)

Throughout this study, these two general forms of rule are used which are discussed in

results and discussion section. The boundary of CA grid can be defined by two conditions:

fixed or periodic. Fixed boundary condition imposes a constant value on the boundary. Peri-

odic boundary lends itself from molecular modeling, and is used to approach large domain.

It imposes continuum between two opposite facing boundaries. This condition can also be

seen as a domain which satisfies torus topology.
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5.3.1 Inflammation Model

As it was discussed, inflammation is a complex process that involves the release and spread of

cytokines and cells interaction with the environment. That is to say, inflammation is mainly

the interplay between reaction-diffusion (R/D) of cytokines and cells response. To model this

process, a discrete computational method based on cellular automata (CA) is employed [117].

The CA has been successfully applied to model behavior biological system [135], including

reaction diffusion and cells response and arrangement to environment, inflammation [119,

136, 137] and cancer modeling [118]. The discrete model employed in this study is largely

based on probability. As usual, the CA model is built upon a definition of the grid. In this

study, a square two-dimensional grid is used. The grid consists of several layers, as can be

found in R/D modeling. There are four layers of grid: epithelial cells, immune cells (cells

with motility), cytokines, proteins and elastic field grid. As per CA modeling, the evolution

of the grids is dictated by a set of rules. The rules and grids are explained below. Figure 5.3

illustrates the CA model with multiple grids, as well as a graph showing the causal path of

the CA model.

5.3.2 Epithelial cells grid

The epithelial cells grid is a typical CA grid, with only two states: 1 and 0, representing dead

and healthy, respectively. The rule that defines evolution of the CA cells in this grid is,

zt+1
1 (x) =

 1, rand(α1, β1) < zt3TNF (x)

0, otherwise, or healing
(5.10)

zt+1
1 (x) = samp(d, w) (5.11)

where zt1(x) is the epithelial cells state at time step t and location x, zt3TNF (x) is concentration

of pro-inflammatory cytokine (explained later) occupying the same grid coordinate, rand is

random number generator based on beta function probability density, α1 and β1 are two

beta function parameters, and samp(w,d) is random sampling algorithm that samples data

set d by weights w. Equation (5.10) describes the state transition by cytokine (TNF) and
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Figure 5.3: CA with multiple grids, each grid represents the event and dynamics in the
tissue. The graph on the left shows the causal path of the events. Each edge associated
with plus (+) sign represent positive feedback to the vertex it is pointing on (activation,
release/adding concentration, healing), while the one associated with negative sign (-) carries
negative feedback (inhibition, damage).

fibroblast (healing). The healing condition comes from cell mitosis and fibroblast, and is

described by Equation (5.12) and (5.13) below.

unirand < Pmt (5.12)

zt+th1 (x) = 1 when zt2f (x) = 2 (5.13)

where unirand is uniform random number generator between 0 and 1, Pmt is mitosis rate,

and zt2f is the state of immune cells grid. The mitosis rate defines the probabilistic rate of
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mitosis, as part of self-healing process of the cells. Equation (5.11) describes state transition

influenced by scarring (explained in Section 5.3.6). Function samp randomly chooses the

state of a cell, d, with some bias w. In this case, d is the possible state the grid can have (i.e.

0 and 1). The weight w skews samp to choose state 1 according to the numbers of collagen

deposits) at vicinity. If Moore’s neighborhood is used, then maximum number of collagen

deposits is 9.

Table 5.3: Beta Function Parameters

Subscript number Case α β

1 Epithelial cells grid (Eq. 5.6) 5 1

2 Macrophages activation (Eq. 5.11) 5 1

3 TNF Release (Eq. 5.13) 1 3

4 TGF Release (Eq. 5.14) 2 1
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Table 5.4: CA parameters for simulation in this paper

Mitosis probability, Pmt 1/5

Healing time 5

Collagen time,Kc 10

Collagen dissolution 10 % /tick

TNF diffusity, DTNF 0.07

TGF diffusity, DTGF 0.1

TNF dissolution constant, KTNF 1E-3

TGF dissolution constant, KTGF 1E-5

Repopulation of immune cells, εpop 5 ticks

Immune cells life time 20 ticks

Immune cells speed 3 cells/ tick

Population of immune cells, nim 25

5.3.3 Immune cells

The immune cells move according to the concentration gradient (chemotaxis). The grids can

contain three states: 0, 1, and 2, representing non-existence of cells, inactivated, activated

and secondary state for the immune cells. A simple probabilistic model of cell motility is

used here, i.e.
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a2 = samp
(
U(x), zt3(x)

)
(5.14)

zt+1
2 (x)

∣∣
U(x) =

 1, at zt2(a2)

0, otherwise
(5.15)

where samp(w,d) has been used once again, with different terms regarding w and d. In this

case, samp randomly choose local grid site according to neighborhood U(x), and the choice is

biased according to zt3, which is the state of cytokine grid at current cell location, x. Variables

in equation (5.14) is as follow: U(x) is Moores neighborhood function, zt2(x) is the state of

immune cells grid at time step t. There are two type of immune cells, the macrophages (agent

of inflammation) and fibroblasts (agent of healing). The state transition of the grid is applied

toward grid with state zt2(x) > 0 (the grid occupied by immune cells), and governed by rule

as follows,

zt+1
2m (x) =


1, ttop > εpop

2, zt1 = 1(fibroblast), rand(α2, β2) < zt4(x)(macrophage)

0, otherwise or if tim > εim

(5.16)

where εim is the age of immune cells, zt4(x) is the state of elastic field grid (which will be

explained later) and the random number generation using beta function probability density

has been used once again. Equation (5.15) is applied to both type of immune cells, with

minor differences in details (including the rule for activation) as shown in Equation (5.16).

The macrophages are still mobile after activation, while fibroblast will stay at the last grid

site after activation. The latter represent fibroblast differentiating at injured site. This means

the rule in Equation (5.14) and (5.15) still applies to macrophages after activation, but not

fibroblasts. In addition, the εim of fibroblast also reduced by 75% after activation.

When activated, the immune cells release cytokines. Each type of immune cell is associ-

ated with a specific cytokine (i.e. macrophage releases TNF, and fibroblast releases TGF).

Macrophage tends to release TNF where the environment experiences more strain, while

fibroblast tends to release TGF in the presence of TNF. However, TGF inhibits macrophage
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in releasing TNF. Hence, the CA reflects the activator-inhibitor system. The cytokines release

by immune cells can generally be expressed as,

zt+1
3TNF (x) =

 1, rand(α3, β3) ≥ zt3TGF (x) when zt2m(x) = 2

0, otherwise
(5.17)

zt+1
3TGF (x) =

 1, rand(α4, β4) ≤ zt3TNF (x) when zt2f (x) = 1

0, otherwise
(5.18)

where zt3(x) is the state of cytokine grid at time t, the subscript denotes the type of cytokine,

zt2(x) is the state of immune cell grid at the same time step, and subscript m and f denote the

type of immune cell (macrophage and fibroblast), consecutively, α and β are beta function

parameters which are given in Table 5.3. The population of immune cells are also kept at

averagely nim numbers, with 0.25 variance. This means the first condition in equation (5.15)

applies at random grid location to ensure the population is at nim on average. As before, the

beta function and rules parameters are given in Table 5.3 and 5.4.

5.3.4 Cytokine grid

The cytokine grid contains an array of CA cells to simulate the spread of cytokines by

diffusion, and its disintegration over time. One way to simulate spread is to employ an

additive rule such as,

zt+1
3 (x) = ΣU(x)kiz

t
3(x) (5.19)

where ki is a set of constant corresponding to neighborhood function, U(x). To determine ki,

one may gain insights from a system appearing as a numerical solution of diffusion equations

with additional disintegration terms,

Ċ = D∇2C −K.C (5.20)

where C is concentration, D is diffusity, K is a constant determining the rate of disintegration.

Numerical solution by Finite Difference Method gives,

zt+1
3 (x) = zt3(x) +DΣU(x)kiz

t
3(x)−Kzt3(x) (5.21)
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where Neumanns neighborhood is used, and cells have continuous state, and ki = 1− 4D for

U(x) = 0, anki = D otherwise. As before, D and K are shown in Table 5.4.

5.3.5 Elastic field grid

It is theorized that mechanical strain on tissue activates ion channel(s) on the cells that

leads to the release of an array of cytokines [138]. In this model, the mechanical strain is

represented by another layer of CA grid as a discretized strain field. The FEM simulation in

the study provides insights into the strain distribution. This is translated into the discretized

distribution of strain fields in the CA grid. This strain field acts as an energy gradient in

activating the immune cells. The model simplifies the activation process by ignoring the

molecular mechanism of ion channels opening by strain and cell signaling pathways that

lead to the release of specific cytokines. In addition, only the macrophage is activated by

strain. The rule dictating macrophage activation is expressed in equation(5.16).

5.3.6 Scarring

The healing by fibroblasts release TGF that contributes to production of collagen. Hence,

there is a surge of collagen concentration as a result of healing by fibroblasts. This introduces

scar to the tissue, and reduce tissue compliance. In the present study, we represent this

phenomenology where collagen deposits after healing add risks to damage on epithelial cells.

In CA, the site of these collagen deposits are the same as the location of fibroblast after

activation. The effect of these collagen deposits will stay after specified time, as shown Table

5.2 as collagen time. The rule of collagen deposits is as follow,

zt+th5 (x) =

 1, at zt2f (x) = 2

0, otherwise
(5.22)

CA rules were implemented in Matlab R2016. The statistical toolbox was used for random

algorithms, rand and samp. The samp is basically a randomized data sampling algorithm,

and Matlab R2016 uses the algorithm provided by Wong and Easton [139].The simulation
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is run for a domain representing tissue experiencing mechanical strain, expressed in elastic

field grid of CA. The grids contain 100 by 100 cells, where a biological epithelial cell size is

around 1µm. The boundary condition used is periodic boundary condition, where continuum

between two opposite edge of the boundary is imposed as,

Zt
∣∣
Γ1(x) = Zt

∣∣
Γ2(x) (5.23)

where Γ1 and Γ2 are set of two opposing boundaries.

5.4 Results and discussion

FSI is conducted on a 3D model of alveolar sac and three different values of TV (TV=200,

500 and 1000 mL). Strain distributions are post processed to investigate regions with highest

concentration of strain. Next, strain versus time curves in different locations of the model

are post processed to evaluate effect of tidal volume on strain level changes during the

breathing cycle. Then, maximum strain values from FSI are employed in the CA model.

The CA model is implemented using MATLAB R2016A and three commonly found strain

distributions (uniform, middle trough and sinusoidal bumps strain distributions) are taken

into consideration to explore the influence of different TVs in mechanical ventilation on cell

population dynamics.

5.4.1 Strain distribution

Strain distributions are presented in Figure 5.4 for different tidal volume values. As can be

seen, higher strain is observed at the inlet area and increasing tidal volume leads to higher

strain levels in the alveolar model. Initially, the alveolar model shows a slight contraction

but the alveolar duct shows an expansion to let air enter into the alveolar region. Then,

at the end of inspiration time, the alveolar volume will be filled with air and this process

would again happen in the reverse direction, inlet duct contracts while alveolar region is

expanding until air leaves the alveolar region and then the alveolar would return back to
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the non-deformed shape. This procedure is regarded as non-uniform deformation of alveolar

wall [128].

Figure 5.4: Strain distribution at inhalation (t=0.2 s) and exhalation time (t=0.5, 0.8 and 2
s) for TV= 200, 500 and 1000 mL.

Three different types of strain distribution in alveolar region. As can be observed, strain

in the center of alveoli is distributed uniformly but in each alveolus, it is concentrated in the

connection of the alveolus to the neighbor alveoli, as compared to the center of the alveolus

itself which is termed middle through strain distribution in this study. In addition, another

strain distribution, defined as sinusoidal bumps, is distinguished on the connection edge of

the alveoli where it is approximately distributed in symmetric form with a higher strain

distribution. These three types of strain distributions are presented in Figure 5.5.
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Figure 5.5: Typical distribution of strain. The color bar on the right shows the magnitude
correspond to the color plot. (a) Uniform, (b) middle trough, (c) sinusoidal bumps.

5.4.2 Strain level at various regions in alveolar sacs

Strain versus time curves for different TVs are plotted at different locations in alveolar region

and as it is illustrated in Figure 5.6, max equivalent elastic strain value for tidal volume equal

500 mL is approximately 2 times bigger than strain value for 200 mL and 2 times smaller

than strain value for 1000 mL. Also, it can be seen that middle layers in alveolar region

represent higher strain level in comparison to upper and lower layers.

76



Figure 5.6: Strain level alternation from location 1 to location 3 for different TVs.

5.4.3 Sensitivity analysis

Sensitivity of strain level to changes in alveolar tissue’s mechanical properties and wall thick-

ness is examined. For this aim, shear and bulk modulus values are altered by 10% and 25%

(reduction and increase compare to initial values). Sensitivity analyses is also conducted by

reconstructing 10 times thicker and thinner alveolar wall thickness compare to initial model.

As it was discussed earlier, middle layer would sustain higher strain level in alveolar model.

Therefore, FSI results for different case studies for morphological changes with TV=500 are

compared at middle layer within alveolar model. Results presented that decreasing shear

and bulk modulus would lead to higher strain level within the alveolar model and in con-

trast,increasing discussed parameters reduce strain level in the model. It is observed that

increasing and decreasing by 10% and 25% would correspondingly lead to 10 and 30 percent

change in strain level and 10 times increased and decreased alveolar wall thickness would

subsequently increase and reduce strain level by almost 10 times. Strain distributions, by

contrast, are same for all case studies. In following results from FSI are imported in CA

model.
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5.4.4 Strain-Induced Inflammation Simulation

The developed CA model was used to study the effect of different tidal volumes in mechanical

ventilation on the cell population dynamics. Based on FSI analysis at the alveolar region,

three commonly found strain distributions are taken into consideration for the cell population

dynamics as shown in Figure 5.5. Since we are interested in the percentage of parametric

change, the simulation is carried out with normalized variables. Hence, the magnitude of

strain is normalized with respect to the highest value of the three schemes as shown in

Table 5.5. In addition, the time scale of cell population dynamics is remarkably higher than

typically found in breathing cycle. Hence the justification is made for taking the amplitude

of strain during the breathing cycle for this CA model.

Table 5.5: Three schemes for CA simulation of cell population dynamics

TV (ml) Real Value Normalization

200 2.4E-05 0.21

500 5.99E-05 0.52

1000 1.15E-04 1.00

Case study I (Uniform Strain)

FSI results suggest the cell population in the tissue experience some uniform level of strain.

The amplitudes of strain as shown in Table 5.5 were applied for the three strain distributions.

Figure 5.7 shows numbers of dead epithelial cells and collagen deposited according to different

level of strain. The numbers of dead epithelial cells can be seen as a measure of damage done

in epithelium. Figure 5.7 also shows different trend of damage occurring on the tissue. Figure

5.7(a) shows a spike that last until approximately 600 simulation time, followed by smaller

spike of damage. In Figure 5.7(b), the damage increased rapidly and the increasing trend

stopped at approximately 100 simulation time. In Figure 5.7(c), the damage keeps increasing
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until 1000 simulation time. Notice that the CA grid has 10,000 cells in total, but the damage

in case of Figure 5.7(c) did not spread to the whole grid. The numbers of collagen deposits

follow the trend of epithelium damage in Figure 5.7(a) and (b). However, in the case of Figure

5.7(c), the numbers of collagen deposits increase and tend to slow down at approximately

600 simulation time.

Figure 5.7: Cell population dynamics corresponding to case study I; numbers of dead epithe-
lial cells on, (a) norm. strain=0.21, (b) norm. strain=0.52, (c) norm. strain=1, and (d)
numbers of collagen deposits.

Figures 5.8(a) and (b) show the spatial distribution of epithelium damage for the case

shown in Figure 5.7(a) at 300 and 550 simulation times, respectively. The damage in Figure

5.8(a) corresponds to the spike damage in Figure 5.7(a), and it shows that the damage

appeared in random locations as three patches on the tissue represented by CA grid. After 550

simulation time, the patches of damage reduced into only one of the previous three patches.

Figure 5.8(c) shows the distribution of fibroblasts (yellow dots) and collagen deposits (dark

dots). The fibroblasts are clearly distributed around the damage patches. Figure 5.8(d) show
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the comparison of the peak damage occurring for the three strain magnitudes considered

in this study. The increase in the peaks shows the exponential rise in damaged cells as the

strain was increased.

Figure 5.8: a. Epithelial cells damaged after 300 simulation times, yellow-colored grid denotes
the portion of tissue with dead epithelial cells, b. Epithelial cells damaged after 550 simulation
times, c. Fibroblasts (white dots) and collagen deposits (dark dots), d. Peak damage to
epithelium.

Figure 5.9 shows the snapshots of damage distribution for the case illustrated in Figure

5.7(b). The damage in this case tended to be steady after approximately 100 simulation

times. In Figure 5.8(a), the damage appeared at random locations as patches with an intact

tissue after 180 simulation times. After 900 simulation times the patches shrank, but the

damage was distributed more spatially with smaller patches. However, as can be seen in

Figure 5.7(b), the damage seems to be steady.

80



Figure 5.9: Snapshots of case with norm strain=0.52, (a) Epithelial cells damages after 180
simulation time, yellow-colored grid denotes the portion of tissue with dead epithelial cells,
(b) Epithelial cells damages after 900 simulation time.

Case study II (Middle Trough)

In this case, the peak strain surrounds an area of low strain. Figure 5.10 shows the dynamics

of cell population under different strain amplitudes, which are the same as described in a

previous section. Figure 5.10(a) shows two clear spikes of epithelium damage during the

simulation time. Figure 5.10(b) shows peak damage that lasted longer than the previous

one; this one is similar to the case in Figure 5.7(a). The case in Figure 5.10(c) shows the

tendency of constant increase in damage over time. As before, the collagen deposits in Figure

5.10(b) showed a similar trend to epithelium damage. However, there is no collagen deposit

in Figure 5.10(a), and collagen deposits in the last case as shown in Figure 5.10(c) decreased

and showed a tendency to stabilize after approximately 600 simulation times, despite the

increasing damage to the epithelium.

Figures 5.11(a) and (b) shows spatial distributions of epithelium damage of the case

shown in Figure 5.10(a). Figure 5.11(a) corresponds to the first spike in Figure 5.10(a) at

67 simulation time, and Figure 5.11(b) corresponds to the second spike at 444 simulation
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Figure 5.10: Cell population dynamics corresponding to case study II ; Numbers of dead
epithelial cells on, (a) norm. strain=0.21, (b) norm. strain=0.52, (c) norm. strain=1, and
(d) numbers of collagen deposits.

times. There is only one patch of damage with minimum numbers of dead cells. The spikes

in Figure 5.10(a) apparently correspond to two different locations of patches of damage. The

location of patches, as should be expected, tend to appear in regions close the amplitude

of strain. Figure 5.11(c) shows fibroblasts distribution corresponding to the case shown in

Figure 5.10(a) at 67 simulation times (coinciding with the first spike). As can be seen, the

fibroblasts are not concentrated in one place, and are spread out on the whole CA grid.

Figure 5.11(d) shows the peak damage in the epithelium, as well as the exponential rise in

damage as strain increased, similar to the previous case of uniform strain.

Case study III (Sinusoidal Bumps)

Figure 5.12 shows epithelium cells population dynamics under the strain distribution as

shown in Figure 5.5(c). As shown in Figure 5.12(a), there is clearly no damage to the epithe-

lium, despite some degree of damage that occurred in the previous case with the same strain

amplitude. In Figure 5.12(b), we can see that the the damage increased rapidly after 200
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Figure 5.11: (a) Epithelial cells damaged after 67 simulation times, yellow-colored grid
denotes the portion of tissue with dead epithelial cells, (b) Epithelial cells damaged after 444
simulation times, (c) Fibroblasts (white dots), (d) peak damage to epithelium.

simulation times, but decreased after a short period of time. However, the damage did not

vanish completely and some level of damage remained until the end of simulation time.

Figure 5.12(c) shows population dynamics under the highest strain amplitude. The damage

increased since the epithelium is subjected to the strain, and stabilized after approximately

500 simulation times. Figure 5.12(d) shows peak damage for this case, and it showed a similar

exponential tendency as discussed in the previous two cases.

83



Figure 5.12: Cell population dynamics corresponding to case study III ;Numbers of dead
epithelial cells on, (a) norm. strain=0.21, (b) norm. strain=0.52, (c) norm. strain=1, and
(d) Peak damage to epithelium.

5.5 Discussion

FSI analysis is conducted on a symmetrical alveolar sac model for three different tidal volume

values. Strain distributions in the alveolar region were analyzed and it was observed that

the connection points of the alveoli undergo higher strain during the breathing cycle. While

non-symmetric model would generate more variations of strain distribution that may present

non-uniform distribution similar to the considered symmetric alveolar sac model in this study.

Additionally, strain-time curves plotted for different tidal volumes at three different locations

through the model showed that the middle layers would tolerate a higher level of strain in

comparison to the upper and lower layers considered in the model. Sensitivity analysis shows
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that strain level in alveolar region is highly sensitive to alveolar sacs morphological changes

in pulmonary acinar region ,but it would not considerably change strain distribution.Three

different strain distributions derived from post processed FSI results were implemented in the

CA model to investigate influence of tidal volume and strain level on cell population dynamics

under the MV condition. The first case considered in the CA model clearly depicts that while

the strain is low enough, the tissue is still able to sustain healing capacity by mitosis and

fibroblasts eventually mitigate the damage. Increasing the TV (and hence, increasing strain),

leads to reduction of healing capacity. Generally, the tissue is able to mitigate damage, but

some amount of damage still persists. Furthermore, the simulations show that the strain

distributions significantly impact the population dynamics of epithelial cells. It is interesting

to note that the epithelium under the same amplitude of strain demonstrates specific pop-

ulation dynamics. This may be caused by the chances of macrophages exposed to strains of

the tissue. The initial locations of macrophages are initially determined by uniform RNG.

Although the macrophages are initially randomly distributed on the grid (and expectedly

statistically uniform as the result of uniform RNG), it can be said that the strain distribu-

tions pose less risk of initially triggering inflammation by macrophages (that is, the release

of TNF). Increasing the strain amplitude will affect the chances of macrophages releasing

TNF. The interplay between strain amplitude and distribution also influences the healing

capacity of the tissue. The tissue and its constituents will still able to reduce or withhold

damage when the strain amplitude is low enough. However, when the strain distribution

lowers the chance of the macrophages being exposed to strain, the tissue is still able to stop

the rate of damage, although not reduce it. Snapshots of the spatial distribution of damage

on the epithelium provide more insights into the inflammation. Generally, damage appears

randomly as patches and these patches are reduced in number gradually by the healing effect

which is influenced by fibroblasts (along with mitosis). As soon as one or a few fibroblasts

are found in the location of a damage patch, the cell signaling by TNF will attract more

fibroblasts that wander randomly on the grid. This prevents the damage from spreading and

85



localizing. However, in the case of steady damage withholds, the damage at first appears

as patches. Next, the patches are reduced by healing. However, more damage appears on

different locations, leading to smaller and more distributed damage. In this case, the tissue

constituents are not able to localize damages. Hence, the quantitative charts would not reveal

the whole dynamics of the damage. Since, fibroblasts are cells with motility, and may not

arrive at the damage locations, in the case which damage patch appeared after 67 simula-

tion times in a region with higher strain amplitude. This patch quickly healed by mitosis as

the fibroblasts which can be seen did not surround the location. After 444 simulation times,

another spike appeared, corresponding to another patch that appeared in a different location.

From these snapshots, it can be inferred that as long as the damage patches can be healed

quickly, the tissue and its constituents will still able to revert back to intact tissue. Peak

damage (assumed as the number of dead cells) in all the three cases in this study showed

an exponential rise as strain amplitude increased, despite strain distribution. As expected,

the uniform strain distribution had the highest damage. Results from the other two strain

distributions suggested that they led to similar amounts of peak damage. It is well known

that tissue integrity is influenced by the population of the cells. The quantitative comparison

of the number of dead cells presented in this study can be used as a justification for analysis

at the organ level. For instance, based on the results from this study, one could suggest an

exponential function to find the changes in mechanical properties of tissue as a result of

increasing TV in MV. It is to be noted that the collagen parameters only contribute to dam-

aging airway tissue. It is also implied that collagen accumulation may contribute to increased

airway impedance [140], which can be reflected by alteration of airway tissue elasticity in the

organ model. This will be included in future works. It must be acknowledged that the CA

model presented needs experimental tuning, since it has only been compared qualitatively.

However, the CA model has also been shown to address a variety of dynamic behavior, based

on the abstraction of interaction of cells in tissue. Thus, the model has provided a framework
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for experimental tuning and parametric matching tools for studying the complex dynamics

of inflammation.

Table 5.6: Qualitative behavior of the alveolar tissue CA model when being subjected to

strain at different level

Cases Inflammation

Strain: 0.21 Strain: 0.52 Strain: 1.00

1: Uniform Suppressed Steady Rising

2: Middle Trough Spikes Suppressed Steady

3: Sinusoidal Non-existent Suppressed Steady

5.6 Conclusion

In this study, FSI analysis was employed to study strain levels in the alveolar region. This was

followed by implementation of a CA model for strain-induced inflammation. It was observed

that strain is highly concentrated in the inlet area. In addition, strain versus time curves

in different locations through the alveolar model showed that middle layers in the alveolar

region underwent higher level of strain during breathing in the MV condition. Three different

types of strain distributions in the alveolar region were analyzed; uniform, middle through

and sinusoidal bumps. Since the time scale of deformation for the alveolar model is largely

different from the deformation at the tissue level, the results from the alveolar model were

abstracted into the CA model. This information was used to study population dynamics

of cell constituents of tissue under MV for different strain levels associated with different
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TVs: 200 ml, 500 ml and 1000 ml. The CA model results suggest that strain distribution

plays a significant role in population dynamics. They also implied that interplay between

strain magnitude and distribution determines healing effectiveness. Lastly, results suggest

that increasing TV leads to an exponential rise in damage on tissue by inflammation.
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Chapter 6

Conclusion and future work

Respiratory disease and aging influence functionality and structural properties of human

lung. Due to limitation of experimental tests, many studies employed computational tech-

niques to investigate the influence of respiratory disease and aging on lung’s functionality.

Despite the existence of a large number of studies in this field, there are still uncertain under-

standing of their real effects. In addition, setting proper ventilation protocols is the great

concern of respiratory specialists. This dissertation aims to present an integrated approach

of computational modeling at different scales to investigate the influence of respiratory dis-

ease and aging on bronchial tree and optimize ventilation parameters to improve breathing

condition specially for elder people.

In Chapter 2, the influence of respiratory disease (emphysema and ARDS) on mechanics

of alveolar sacs was investigated. It was concluded that respiratory disease substantially

affect alveolar sacs mechanics. Emphysema led to less air penetration into the acinar region.

Lung compliance increased in the emphysematous condition where alveolar sacs tended to

distend easily but empties slowly. Emphysema increased the required energy for breathing

cycle and higher TVs value resulted in higher WOB. On the contrary to stress, strain values

diminished in the emphysematous state which could instigate problem for breathing under

MV condition. Comparison between results for different TVs for both healthy and emphyse-

matous alveolar models displayed that recommended TVs for patients with COPD increased

strain and increased applied stress and WSS compare to emphysematous model with TV

equal to 500 mL. Decreasing TV for ARDS would decrease applied strain and stress on the

model but increased applied WSS, specifically towards the bottom part of the model. It
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was demonstrated that higher TVs for emphysematous alveolar sacs with ARDS decreased

maximum WSS while it increased applied stress and strain on the model. Results from this

study provide invaluable insights for specialists to set appropriate TVs for patients under

MV conditions.

In Chapter 3, influence of age-related changes on alveolar sacs functionality and sensi-

tivity of alveolar sacs mechanics to MV devices protocols were investigated. It was concluded

that older alveolar sacs sustain lower pressure compared to younger alveolar sacs models.

Findings also indicated that morphological changes have a major impact on decline in alve-

olar sacs function. Alveolar sacs enlargement in older models led to a decrease in compliance

of alveolar sacs and WOB. Although WOB is decreased in single alveolar sacs, an increase

in the rigidity of the chest wall would neutralize this decrease in WOB. In reality, WOB

would increase in older patients. It was observed that applied pressure on alveolar sacs

wall decreased in volume targeted mode and WOB increased in volume-controlled mode as

compared to pressure-controlled mode while compliance decreased significantly in volume-

controlled mode. The results of sensitivity of alveolar sacs under volume-controlled mode

showed that their function is highly sensitive to I/E and breathing frequency. Therefore,

increasing frequency and decreasing I/E would increase alveolar sacs expansion and compli-

ance. Decreasing TV decreases WOB while increases in the other two parameters increases

WOB. Consequently, increasing breathing frequency and decreasing I/E and TV would help

improve breathing conditions for older patients under MV.

In Chapter 4, FD of the bronchial tree was employed as morphological measure to evaluate

lung disease quantitatively. In addition, equivalent electrical model was used to investigate

the influence of age, asthma and COPD on airways resistance, inertance and compliance. It

was observed that airways radius versus bifurcation level can be represented by power-law dis-

tribution, which shows scale-free properties of bronchial trees. It was concluded that asthma

increased FD while COPD decreased FD significantly and FD declines as we get older in

normal and COPD cases whereas it rises in lung with asthma. Changes in mechanical prop-
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erties of airways at different bifurcation level from 50 to 80-year-old is more significant than

changes from 20 to 50-year-old. Lower generations sustain bigger changes compare to upper

airways. Asthma mostly increased airways resistance and air inertia at lower airways while

COPD increased discussed parameters at upper airways. Changes in air inertance with age

is not as big as changes in airways resistance with age. Asthma declined airways compliance

compare to the normal condition and COPD significantly increased airways compliance at

lower airways.

In Chapter 5, multiscale model was employed to investigate the population dynamics of

cell constituents of alveolar sacs’ tissue under MV for different strain levels associated with

different TVs. It was observed that strain is highly concentrated in the inlet area and middle

layers in the alveolar region underwent higher level of strain during breathing in the MV

condition. It was concluded that strain distribution plays a significant role in cells population

dynamics and the interplay between strain magnitude and distribution determines healing

effectiveness. Results from this study suggest that increasing TV leads to an exponential rise

in damage on tissue by inflammation.

According to the observations from this dissertation following hypotheses will be investi-

gated:

• A comprehensive model has to be developed to investigate influence of the tissue

microenvironment on strain-induced inflammation mechanism in young and old lungs.

Onset and progress of chronic inflammation can be investigated by integrating the

results from macroscopic level of young and old lung tissue into cellular level. In addi-

tion, multiscale models can be developed to explore the influence of resolution speed,

degree of strain in young and old case studies.

• Influence of tissue heterogeneity and heterogeneous populations of cell types can be

considered in evaluation of respiratory disease. This can provide better understanding

of changes that might happen in mechanics of breathing in diseased condition specifi-

cally in ARDS condition.
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• Human pulmonary sacs can be considered as linear-parameter-varying system with

age as scheduling variable to monitor effects of ventilator parameters specially for

diseased conditions. By employing this technique, ventilator protocols can be controlled

according to the mechanics of breathing as outputs of this system.
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Appendix A

Supplemental Materials for Chapter 3

Aging Effects on Alveolar Sacs under Mechanical Ventilation
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Table A.1: 50 and 80-year-old Alveolar sacs dimensions.
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Table A.2: Flow rate waveform
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Table A.3: Morphological and tissue properties of constructed case studies.

Case (A): Duct radius, alveolus depth and mean cord length were decreased by 2% with same alveolar
thickness and tissue properties of 80-year-old model, Case (B): Duct radius, alveolus depth and mean
cord length were decreased by 1% with same alveolar thickness and tissue properties of 80-year-old
model, Case (C): Considered model for 80-year-old alveolar sacs in this study with same alveolar
thickness and tissue properties of 80-year-old model (Case 4 in this study), Case (D): Duct radius,
alveolus depth and mean cord length were increased by 1% with same alveolar thickness and tissue
properties of 80-year-old model, Case (E): Duct radius, alveolus depth and mean cord length were
increased by 2% with same alveolar thickness and tissue properties of 80-year-old model, Case (F):
Wall thickness was decreased by 2% with same duct radius, alveolus depth, mean cord length and
tissue properties of 80-year-old model, Case (G): Wall thickness was decreased by 1% with same duct
radius, alveolus depth, mean cord length and tissue properties of 80-year-old model, Case (H): Wall
thickness was increased by 1% with same duct radius, alveolus depth, mean cord length and tissue
properties of 80-year-old model, Case (I): Wall thickness was increased by 2% with same duct radius,
alveolus depth, mean cord length and tissue properties of 80-year-old model, Case (J): Shear and
bulk modulus were decreased by 2% with same duct radius, alveolus depth, mean cord length and
wall thickness of 80-year-old model, Case (K): Shear and bulk modulus were decreased by 1% with
same duct radius, alveolus depth, mean cord length and wall thickness of 80-year-old model, Case
(L): Shear and bulk modulus were increased by 1% with same duct radius, alveolus depth, mean cord
length and wall thickness of 80-year-old model, Case (M): Shear and bulk modulus were increased by
2% with same duct radius, alveolus depth, mean cord length and wall thickness of 80-year-old model.
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Table A.4: z test for compliance and WOB values for considered case studies and measured
confidence intervals for alveolar sacs function in elderly.

Negative value in comparison row illustrate the decline in value and positive value illustrate increase
in the value.
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Figure A.1: (A) 50-year-old alveolar sac model, (B) 80-year-old alveolar sac model.
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Figure A.2: Mesh size for fluid and solid domain for FSI analysis.
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Figure A.3: Volume increase from reference volume in 50 and 80-year-old alveolar sacs .
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