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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



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



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



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.



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.



CHAPTER 2

INFLUENCE OF TIDAL-VOLUME SETTING, EMPHYSEMA AND ARDS oN HUMAN

ALVEOLAR SAcs !

IP. 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



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
MYV 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



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]. Tt 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



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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Figure 2.1:
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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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Figure 2.2: Case studies a) Healthy alveolar sac model without ARDS | b) Emphysema-
tous alveolar sac model without ARDS, ¢) 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 mm? 0.11 mm?3

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 studi Fluid d in mesh Solid domain mesh

€&
[ |
8
&

Healthy alveolar sacs
without ARDS

Emphysematous alveolar
sacs without ARDS

Healthy alveolar sacs
with ARDS

sacs with ARDS

Emphysematous alveolar

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 F'SI approach Table 2.2.

Table 2.2: Inlet velocity waveform for MV

Inhalation/Exhalation MV
t < Inhalation time (t;,)
flowrate
Sx29—1

(0 < tin < O4S>

t > Exhalation time (te;) _ flowratexcap(— tintex)

Sx29—1

n

(0.4s < t;, < 2s)

where S and ¢ 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].

Vo =0 (2.1)

0Uf

Pr (W + Uf.v.uf) =—-Vp+ ,MVQU (2.2)

where uy, pg, p, p are the fluid velocity field, density equal to 1.225 ( %) for air and 1000 ( %)
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:

ank 02’&]’
8xk + Fj = pswajk = Ejklmqm (23)
0k = Ejrimeim (2.4)

where o, F, p, z, E and € 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= % (T, = 3) + K (J — 1)° (2.5)

where J is equal to the determinant of deformation gradient and I; is equal to J~%/3/1 where
I; is the first invariant of the left Cauchy-Green Tensor. G, K,,, and p, are the shear, bulk
moduli and alveolar tissue density which set equal to 309 (Pa), 2.5 (kPa) and 1000 (%),

respectively [86,87].

2.2.3 COUPLING ITERATIONS

For each iteration of FSI approach, initially Egs. 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.

V.(vVi,,) =0 (2.6)

where 1, is the mesh displacement velocity and ~ is diffusion coefficient which used to

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

Y= €0 (2-7)

where d is a normalized boundary distance. Diffusion parameter (f) 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.
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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.
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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 ¢ = 0.5 s (transition from inhalation to exhala-
tion) and ¢ = 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 (planel) 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]
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Figure 2.6: Velocity changes through healthy alveolar sacs model at TV = 500 mL during
inhalation ¢ = 0.2 s, inhalation to exhalation ¢ = 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 T'V 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

WORB 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.

77
Emphysematous alveolar sac at [

TV=714 mL 3.23E:09
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Healthy alveolar sac at TV=500
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0.00E+00 1.50E-09 3.00E-09 4.50E-09 6.00E-09
WOB

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.

20



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 !

IP. 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
MYV. 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
MYV 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

60 )

time (t;) for each cycle was determined from breathing frequency (¢; is equal to Frequency

and the ratio of inspiratory time (¢;,) to expiratory time (t.,) was set to 1:3 [98]. Flowrate

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

Volumechanges
tin

change from collapsed to expanded condition during inhalation( ). Since the area
under the flowrate waveform is equal to TV [98], TV was set to 8.3¢™® 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].

Vau=0 (3.1)

0
Py (8—1: + u.V.u) = —Vp+ uVu (3.2)
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where u, p¢, p, 1 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 Egs.

(3.3,3.4):
8aij LR — azdii (3 3)
ox; 1 o '
045 = Eijmnemn (34)

where o, F, p, x, £ and € 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= % (11 = 3) + K (J — 1)° (3.5)

where J is equal to the determinant of deformation gradient, I; = J ~51 is the first invariant
of the isochoric part of right Cauchy-Green deformation tensor, and I; is the first invariant
of the right Cauchy-Green deformation tensor. G and K, 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 cmH,O 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 emH,O and Niewoehner et al. [33] reported a rate
of 1.2 emH,0 per decade for 25 and 60-year-old lungs. In addition, Subramaniam et al. [94]
suggested that alveoli expansion begins when pressure reaches 25 ecmHs0. 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 emH,O for the 50-year-old and 2 em H5O 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 emH,0O 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 emH,0 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 b0-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 (Casel) 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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Figure 3.5: (A;-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
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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
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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 1/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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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

FrRACTAL GEOMETRICAL AND STRUCTURAL PROPERTIES OF NORMAL AND DISEASED

BRONCHIAL TREE WITH AGE !

IP. 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—0.5x h and wall thickness
by 1.5 X h. Increased resistance and airway wall thickening in COPD have been represented
by R —5 x h and 6 x h in small conducting airways (levels 11-13) and by 1.5 X 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.

Ry,
2Rm+1

Cosp =

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.

L,

i
T

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

In this approach, electrical resistance R, (kPas/l) is equivalent to airway resistance
resulted from airflow dissipation. Electrical capacitors C, (I/kPa) is equivalent to airways
volume compliance, which is a measure of the airways ability to stretch, and expand and elec-
trical inductors L. (kPas?/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:

2
R, = 1" Gin(=o) (4.2)

7TR4M0

p
L.=1 —Clos(e 4.3
o Cos(e) (43
2rR3(1 — 1v?)
Ce = ZT (4.4)
5=R, |20 (4.5)
i
w=2rf (4.6)
Mye®® =1— M (4.7)
Jo(d72)d52

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

length (1), tissue young modulus (E), tissue thickness (h), Dynamic viscosity of air (p) equal
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to 1.075, Poisson ratio (v) equal to 0.45, Phase angle of complex Bessel function of first kind
and order zero (g¢) (Eq. 4.7), Modulus of complex Bessel function of first kind and order zero
(M) (Eq. 4.7), Womersley parameter (§), angular frequency (w) 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
R (mm)| 1.2 065 052 040 032 025 024 023 018 0.16 0.14 0.12 0.1 0.06
[ (mm) | 950 6.95 6.42 437 359 229 2.02 1.5 1.39 125 1.09 0.98 0.85 0.59
2 hx107® | 6.91 6.91 638 585 585 531 531 478 4.78 559 512 420 4.28 3.57
Ex10* | 6.97 697 6.74 6.61 6.55 649 637 631 6.17 6.05 537 537 537 537
R (mm) | 093 050 040 031 025 019 018 0.18 0.14 0.13 0.11 0.09 0.08 0.04
I (mm) | 731 535 494 336 276 176 155 1.15 1.07 0.96 0.84 0.75 0.64 045
" hx1073 | 11.52 11.52 10.63 9.74 9.74 886 886 7.97 797 7.26 6.64 6.00 556 4.63
Ex10* | 779 779 753 739 732 725 712 7.05 6.89 6.76 6.00 6.00 6.00 6.00
R (mm) | 0.65 035 0.28 021 017 0.13 0.12 0.13 0.09 0.09 0.07 0.07 0.06 0.03
[ (mm) | 5.12 375 346 235 193 123 1.09 081 0.75 0.67 0.59 0.53 0.42 0.32
* hx1073 | 14.97 14.97 1381 12.66 12.66 11.51 11.51 10.36 10.36 9.43 8.62 7.80 7.22 6.02
Ex10* | 860 860 832 817 809 802 787 779 761 747 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).

(a) Generation 11 (b) 15
Generation 12 L 0 ~Normal lung
Generation 13 : = = Lung with asthma
Generation 14 == Lung with COPD
Generation 15
Generation 16 3 0.8
Generation 17 :
Generation 18 06
Generation 19 e
Generation 20 0.4

Generation 21

Airways radius (mm)

0.2

A

Generation 22

Generation 23 “N= 0
Generation 24 ),\ 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Generation number

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, ¢) 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 a;). 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 as, 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. ¢) 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 b;). 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 bo, 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 ¢;). 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 cs, c3).
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Figure 4.6: Ratio of changes in mechanical properties of airways from 20 to 50-year-old and
50 to 80-year-old (as,by,cq) and mechanical properties of diseased airways at 20, 50 and
80-year-old (as, as: Airways resistance, bs, b3: Airways inertance, cs, 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 !

IP. 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-MYV 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 in