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ABSTRACT

The author developed a computational framework for the study of the corre-
lation between airway morphology and aerosol deposition based on a population of
human subjects. The major improvement on the previous framework, which consists
of a geometric airway model, a computational fluid dynamics (CFD) model, and a
particle tracking algorithm, lies in automatic geometry construction and mesh gener-
ation of airways, which is essential for a population-based study. The new geometric
model overcomes the shortcomings of both centerline (CL)-based cylindrical models,
which are based on the skeleton and average branch diameters of airways called one-
dimensional (1-D) trees, and computed tomography (CT)-based models. CL-based
models are efficient in terms of pre- and post-processing, but fail to represent trifurca-
tions and local morphology. In contrast, in spite of the accuracy of CT-based models,
it is time-consuming to build these models manually, and non-trivial to match 1-D
trees and three-dimensional (3-D) geometry. The new model, also known as a hybrid
CL-CT-based model, is able to construct a physiologically-consistent laryngeal geome-
try, represent trifurcations, fit cylindrical branches to CT data, and create the optimal
CFD mesh in an automatic fashion. The hybrid airway geometries constructed for
8 healthy and 16 severe asthmatic (SA) subjects agreed well with their CT-based
counterparts. Furthermore, the prediction of aerosol deposition in a healthy subject
by the hybrid model agreed well with that by the CT-based model. To demonstrate

the potential application of the hybrid model to investigating the correlation between

v
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skeleton structure and aerosol deposition, the author applied the large eddy simula-
tion (LES)-based CFD model that accounts for the turbulent laryngeal jet to three
hybrid models of SA subjects. The correlation between diseased branch and aerosol
deposition was significant in one of the three SA subjects. However, whether skeleton

structure contributes to airway abnormality requires further investigation.
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CHAPTER 1
INTRODUCTION

1.1 Background

The study of aerosol deposition in the human lung is important because
aerosols can affect human health in both negative and positive ways. The inhaled
aerosols include cigarette smoke, dust, and aerosolized pharmaceutical drugs (Figure
1.1). For example, cigarette smoke is the main cause of chronic obstructive pulmonary
disease (COPD) and lung cancer, and environmental factor such as dust can cause
asthma symptoms in addition to genetic factor[66]. Conversely, aerosolized pharma-
ceutical drugs can be used for the treatment of lung diseases like COPD, asthma, and
cystic fibrosis (CF) through airway wall, and systemic diseases such as headache and
diabetes through alveoli[22, 27, 46].

Exposure to environmental factor can cause the development of lung diseases
and exacerbate symptoms. Higher density of aerosols in the environment can obvi-
ously increase the risk of diseases, but other factors could cause the variability in risk
under the same environmental condition. The delivery of aerosols in the human lungs
is mainly determined by breathing pattern, geometry of the lung, and physical charac-
teristics of the aerosols. For example, higher flow rates, narrower airway branches, or
larger branching angles cause higher aerosol deposition in the proximal region, while
larger gravity angle results in higher aerosol deposition in the peripheral region. In

addition, larger aerosols deposit in the proximal region and smaller aerosols in the
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Figure 1.1: The relationship between aerosols and the human lung. “Pharm.”,
“Gene”, and “env.” stand for pharmaceutical, genetic factor, and environmental

factor, respectively.

peripheral region. However, the correlation between lung diseases and the important
factors governing aerosol deposition remains unclear. A better understanding of the
correlation could improve the prevention and treatment of lung diseases.

Aerosol therapy is an effective drug delivery method. Aerosolized pharmaceu-
tical drugs are conveniently delivered to the human lung without pain and the drugs
act rapidly when the inhalers are properly used[22]. Aerosol therapy is most effective
when the drugs are successfully delivered in the right amounts and to the correct
regions of the lung. The drugs should be delivered to different regions of the lung
depending on the disease to be treated or the receptor for the drugs to be used[6, 50].

For example, the drugs need to be delivered to the bronchi for bronchitis (COPD),
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asthma, and CF, and the alveoli for emphysema (COPD). The receptor for one drug
can be distributed in the proximal branches, while the receptor for another can be
distributed in the peripheral branches. A better understanding of aerosol delivery
would make aerosol therapy more effective.

Aerosol delivery in the human lung has been investigated experimentally and
numerically. The experiments can be performed using living lungs (in vivo) and phys-
ical lung models (in witro), but it is still difficult to accurately measure local aerosol
deposition, e.g., on one branch or smaller scale[39]. The results from numerical simu-
lations (in silico) can be analyzed in detail, although the models involve uncertainties
and require excessive computational time. For example, it can take a week to simu-
late the aerosol delivery in one subject during one breath. In this study, we used in
silico models to investigate aerosol delivery in detail.

An in silico model consists of a geometric, computational fluid dynamics
(CFD), and particle tracking model. First, a geometric model constructs three-
dimensional (3-D) airway geometry using the skeleton and branch diameters of the
airway called one-dimensional (1-D) tree and/or, e.g., a 3-D computed tomography
(CT) image of the airway. A CFD model then numerically solves the 3-D gas-flow field
in the airway geometry. Finally, a particle tracking model computes the trajectories
of aerosols using the gas-flow field. It is challenging to construct realistic geometry,
impose realistic boundary conditions, and analyze aerosol distribution efficiently. In

this study, we developed realistic and efficient in silico models.
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1.2 Geometric Modeling of Conducting Airways

The symmetrical centerline (CL)-based geometric models have been used for
the investigations of the fundamental physics of gas-flow and aerosol delivery in the
human lungs (Figure 1.2). Baldshazy and Hofmann[4] used a single-bifurcation ge-
ometry, which is the same as the one used in the experiment by Kim and Iglesias[47].
They are consistent with the third to fourth generation airways in Weibel’s model[90].
Comer et al.[17] used a double-bifurcation geometry, which corresponds to the third to
fifth generation airways in Weibel’s model. Zhang and Kleinstreuer[97] used a triple-
bifurcation geometry, which corresponds to the third to sixth generation airways in
Weibel’s model. Spencer et al.[75] built a geometry of up to 23'¢ generation, i.e.,
the alveoli, based on Weibel’s model and the statistics about the airway dimensions
of adult lungs. Baldshazy and Hofmann[4] demonstrated that the results from the
simulations using the CL-based symmetric geometry can be compared to analytical
solutions due to the simplicity of the geometry. Nonetheless, the CL-based symmetric
model is impractical for the study of aerosol delivery in the human lungs because the
human airway is asymmetric and contains trifurcations[40, 99].

The asymmetrical CL-based geometric models have been used for the simula-
tion of aerosol delivery in representative human lungs (Figure 1.2). Balashazy and
Hofmann[5] used the same single-bifurcation geometry as the one used by Kim and
Iglesias[47], whose dimensions are equivalent to the third to fourth generation airways
in Weibel’s model but angles between the parent and the two child branches are not

equal. In the seven-generation geometry constructed by van Ertbruggen et al.[84],
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Figure 1.2: The previous studies on geometric lung model. The studies are listed
in chronological order in each group. “Sym.”, “Asym.”, “CL”, “CL-CT”, and
“CT” stand for symmetrical, asymmetrical, centerline, hybrid CL-CT, and (in vivo)
computed tomography, respectively. “Balashazy93”, “Balashézy95”, “Comer00”,
“Spencer01”, “Zhang01”, “Allen04”, “Ma06”, “Ertbruggen05”, “Lin07”, “Freitas08”,
“Gemci08”, “Wall08”, “Tawhai09”, and “Tianll” are the studies by Balashazy and
Hofmann[4], Balashazy and Hofmann[5], Comer et al.[17], Spencer et al.[75], Zhang
and Kleinstreuer[97], Allen et al.[1], Ma and Lutchen[59], van Ertbruggen et al.[84],
Lin et al.[54], Freitas and Schréder[28], Gemci et al.[31], Wall et al.[87], Tawhai et

al.[80], and Tian et al.[83], respectively.
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the dimensions of airways and the branching angles were obtained from Horsfield’s
model[40], the azimuthal angles were obtained from the bronchoscopic images[82],
and the orientation of the branches was checked using the CT images[82]. Gemci
et al.[31] built a geometry of up to terminal bronchioles (the 17 generation) based
on the skeleton of a normal lung developed by Schmidt et al.[73]. Tian et al.[83]
created a geometry extending up to terminal bronchioles (the 15" generation) whose
dimensions were based on the anatomical cast reported by Yeh and Schum[94], 3-
D geometry was based on an empirically-defined representative geometry called the
physiologically realistic bifurcation (PRB)[36], and azimuthal angles beyond the third
bifurcation were assumed to be 90°[69]. The asymmetrical CL-based models based
on the skeleton of representative lungs are not subject-specific. Even with subject-
specific skeletons, airway branches are still modeled as straight tubes with cylindrical
cross-sections. These approximations can result in simulation error especially in the
proximal airways, where impaction is the dominant mechanism of the aerosol depo-
sition.

The CT-based geometric models have been used for realistic simulations of
aerosol delivery in subject-specific human lungs (Figure 1.2). It is crucial to use
subject-specific geometries due to large intersubject variability in gas-flow and aerosol
delivery in the human lung[13, 27, 34, 56, 77]. For instance, Allen et al.[1], Ma and
Lutchen[59], Lin et al.[54], Freitas and Schroder[28], and Wall and Rubczuk[87] used
1-, 5-, 6-, 6-, and 4-generation geometries in their numerical simulations. The CT-

based geometries can resolve not only non-circular cross-sections and non-straight
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airways, but also cartilage rings mainly in the proximal airways. The CT-based
models have two main shortcomings. First, the highest branch generation included in
the model is limited by the resolution of CT scanners, and the terminal bronchiles (end
of conducting region) cannot be resolved with the current technology. Second, it is
time-consuming to pre- and post-process the CT-based geometries. The surface may
require smoothing to remove artifacts, the geometry needs to be manually split branch
by branch to analyze regional distribution and deposition of aerosols. Furthermore,
the airway cross-sections need to be created for the investigation of secondary gas-
flow profiles or monitoring aerosol delivery during the simulation. The manual surface
smoothing and splitting are time-consuming because airway geometry is complex.
Previous studies have developed the laryngeal models to account mainly for
the laryngeal jet in the trachea during inhalation. The CT scanning may not include
the extrathoracic region (mouth-larynx) to reduce radiation exposure, but the larynx
plays a crucial role in generating turbulence due to the laryngeal jet in the trachea
as Chan et al.[11] suggested the requirement of laryngeal models based on their ex-
perimental study. Stapleton et al.[78] created an “average” extrathoracic geometry
based on the CT images of 10 subjects and the observation of 5 living subjects.
Kleinstreuer and Zhang[48] and Xi and Longest[93] made a circular and elliptic ex-
trathoracic geometry based on the anatomical data reported by Cheng et al.[12]. Due
to inter-subject variability in extrathoracic geometry, the CT-based model instead of
“average” representative model should be used if the CT image is available.

Researchers have modeled the geometry of bronchioles to account for the multi-
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scale nature of the human lung if the C'T scanners do not resolve the terminal bron-
chioles. The symmetric 23-generation geometry built by Spencer et al.[75] was based
on Weibel’s model. Tawhai et al.[80] added the artificial bronchioles created with the
volume-filling method to the CT-based geometries, resulting in a geometry extending
to the terminal bronchioles. The asymmetric 15-generation geometry made by Tian
et al.[83] was basically based on the anatomical cast reported by Yeh and Schum[94].
The asymmetric 17-generation geometry created by Gemci et al.[31] was based on
the in vitro CT images obtained by Schmidt et al.[73]. In vivo instead of in vitro CT
images are required for the geometries of the lungs at multiple inflation levels, but
the current CT scanning technology is still far from resolving terminal bronchioles.
The representative model can be unrealistic because the azimuthal angles need to be
assumed, and the model by volume-filling method may still need to improve.

The hybrid CL-CT-based geometric models can overcome the shortcomings of
the CL- and CT-based models (Figure 1.2). It should be noted that “CT” does not
mean only CT images but any images, e.g., magnetic resonance imaging (MRI) im-
ages. Zhang et al.[96] fitted the CL-based geometry to the CT/MRI-based geometry
to build a geometry of vascular system. Tawhai et al.[80] fitted the CL-based geometry
to the CT-based geometry, and added the CL-based geometry of the CT-unresolved
airways. The hybrid model is more realistic than the CL-based model, the surface is
smoother than that of the CT-based model, and pre- and post-processing are more
efficient compared to the CT-based model. The branches with more than two child

branches in the model by Zhang et al.[96] has not been applied to the human lung,
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and the model proposed by Tawhai et al.[80] does not account for trifurcations|99]

and includes manual process in the fitting algorithm.

1.3 Aerosol Simulation in Conducting Airways

A number of boundary conditions for ending branches have been proposed
(Figure 1.3a). The boundary conditions need to be imposed at the most distal
branches of airway geometry. Baldshdzy and Hofmann[5] distributed the flow rate
proportional to the cross-sectional area by imposing uniform bulk velocity. Liu et
al.[57] imposed uniform pressure boundary conditions. Allen et al.[1] imposed uni-
form flow rate boundary conditions at each generation. Cebral and Summers[9] im-
posed traction-free boundary conditions with extrapolated velocities. van Ertbruggen
et al.[84] imposed non-uniform flow rate boundary conditions based on Horsfield’s
model. Ma and Lutchen[60] imposed non-uniform flow rate boundary conditions
based on Horsfield’s model and uniform velocity in proximal and peripheral regions,
respectively. Walters and Luke[89] imposed pressure boundary conditions at the end
of resolved paths and randomly matched the pressure at the end of truncated path
to the pressure in a resolved path at the same generation, which is referred to as
“stochastic coupling”. Yin et al.[95] imposed flow rate boundary conditions by con-
necting the ending branches to the image registration-based regional ventilation map
with bronchiole geometry[81]. Tian et al.[83] imposed non-uniform flow rate bound-
ary conditions based on Horsfield’s model and uniform flow rate in proximal and

peripheral regions, respectively. The method proposed by Yin et al.[95] reflects ar-
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(a) (b)
Boundary conditions at ending branches Turbulence model for the laryngeal jet
— Velocity-based | Time-averaged
L Uniform flow rate L Reynolds-Averaged
—Uniform velocity Navier-Stokes (RANS)
—Traction-free (extrapolation) Mean flow tracking (MFT)
—Horsfield's model Turbulent flow tracking (TFT)
—Image registration ~Eddy-resolving
—Pressure-based Detached eddy simulation (DES)
— Uniform pressure Large eddy simulation (LES)

—Stochastic coupling

Figure 1.3: The boundary conditions at ending branches and turbulence model for
aerosol simulations in conducting region. “Horsfield’s model” is based on the flow
rate proposed by Horsfield et al.[40]. “Uniform” means the uniform distribution over

ending branches, not in the cross-section of each ending branch.

guably the most realistic regional ventilation, while dynamic, instead of quasi-static,
regional ventilation map should be used and the geometric bronchiole model need to
improve for smaller error at sub-lobe level.

Researchers have been used different turbulence models to account for the
turbulence generated by the laryngeal jet in the trachea as discussed in Section 2.4
(Figure 1.3b). Gas-flow in the trachea can be turbulent due to the laryngeal jet cre-
ated by the glottal constriction even if the Re in the trachea (Re;) is lower than the
critical Re (Re,) for a straight pipe (~ 2300). RANS[20, 44, 48, 60, 71|, detached eddy
simulation (DES)[44], and LES[31, 44, 54, 98] have been used for the simulation of

gas-flow in the human lung. RANS solves time-averaged governing equation without
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resolving any eddy, while DES and LES resolve large-scale eddies. RANS has two
major disadvantages to simulate the aerosol delivery in the human lung. First, RANS
requires another model that adds turbulent fluctuation to the time-averaged flow field
using turbulent statistics. Second, RANS may not accurately predict turbulent statis-
tics depending on the nature of turbulent flow. The RANS-based aerosol simulation
without adding turbulent fluctuation is referred to as “mean flow tracking” (MFT),
which is physically correct only if there is no or very little turbulence. The RANS-
based aerosol simulation with artificially added turbulence is referred to as “turbulent
flow tracking” (TFT), which may not successfully reproduce the aerosol delivery, e.g.,
when the laryngeal jet oscillates with low frequency[63]. RANS can overestimate the
critical Re in the trachea (Re.;) by factor of three or more compared to the result
from the experiments by Dekker[21].

Synthetic turbulence has been added to the flow above the glottal constriction
for a realistic laryngeal jet below the constriction when a reduced geometric model
that excludes the oral cavity is used. Gas-flow can become turbulent in the oral cavity,
so the gas-flow above the glottal constriction should also be turbulent. Turbulent
kinetic energy (TKE) can be prescribed in RANS models, while fluctuating flow
field needs to be given in eddy-resolving models, e.g., DES and LES. Choi et al.[13]
attempted to add random fluctuation to the time-averaged component of inflow based
on LES-predicted turbulent statistics in the oral cavity. However, synthetic turbulence
methods need to establish time-space correlation of synthetic turbulence to prevent

rapid dissipation of turbulence. An ideal method to generate synthetic turbulence
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should account for the correlation in time and space, but should not require any
computation a priori. For instance, the synthetic-eddy method (SEM) proposed by
Jarrin et al.[43] requires only the length scale and intensity of the turbulence to get

homogeneous isotropic turbulence as the simulation progresses.

1.4 Objectives
The ultimate goal of this study is to automatically construct and mesh multi-
scale image-based human airway geometries for the numerical simulations of aerosol

delivery. The four specific objectives corresponding to Chapters 2-5 are to:

Investigate the effect of turbulence on the aerosol delivery in the human lung

using CT-based geometric airway model (Chapter 2)

Develop a CL-based model including trifurcations (Chapter 3)

Develop a hybrid CL-CT-based model including trifurcations (Chapter 4)

Investigate the effect of airway skeleton structure on aerosol deposition in severe

asthmatic (SA) lungs using the hybrid model (Chapter 5)

Chapter 2 presents eddy-resolving aerosol simulations with a CT-based model.
There are two major CFD models to account for the turbulence of gas-flow in the hu-
man airway: time-averaged and eddy-resolving methods. Most of the previous studies
of aerosol delivery used the former, but those studies showed two major shortcom-
ings of their methods. They inaccurately predicted turbulent characteristics, and
overestimated aerosol deposition even if the prediction of turbulent characteristics is

reasonable. To show the importance of eddy-resolving methods in aerosol simulation,
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we simulate gas-flow with different levels of turbulence using LES model. Further-
more, we use the results from the simulations with the CT-based model as reference
to assess the accuracy of the hybrid model in aerosol simulation in Chapter 4.

Chapter 3 presents a CL-based model for trifurcations. The human lung is
a tubular branching structure, so the simplest geometry is the CL-based geometry
that consists of cylinders based on the 1-D tree. An existing model accounts for
only bifurcations, although human airways contain trifurcations. The geometry of
trifurcations can be constructed in the framework of the existing model. A 1-D
tree can include very short branch that is not possible in 3-D geometry because of
branch diameter. Furthermore, it is important whether the three child branches of
a trifurcation are coplanar or not for the construction of geometry in the framework
of the existing model. To automatically construct the geometry, the model uses
criteria to identify and classify trifurcations. In addition to visualization, the CL-
based geometry can be used for the simulation of aerosol delivery.

Chapter 4 presents a hybrid CL-CT-based model. The accuracy of the CL-
based model needs to improve for the simulation of aerosol delivery. Therefore, we
fit the CL-based geometry to the CT-based one, resulting in the hybrid geometry, in
which the cross-sections can be non-circular, the airways can be non-straight, and the
diameter can be non-uniform in each branch. To generate realistic level of turbulence
of the laryngeal jet, we add a laryngeal geometry to the trachea. The new method
generates computational grid automatically, specifies boundary conditions efficiently,

and reduces the data from simulations systematically. The new method facilitates
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the branch-by-branch analysis of aerosol deposition in multiple lungs.

Chapter 5 demonstrates the potential application of the hybrid model to in-
vestigating the effect of airway skeleton structure on aerosol deposition in SA lungs.
Both airway skeleton structure and branch diameter are important factors in aerosol
delivery, but it is well known that asthmatic branches are narrower than healthy
branches. To control branch diameter, skeleton should remain the same and only
branch diameters need to be modified. To define narrow branches and the branches
with high deposition compared to healthy branches, we analyze both healthy and
SA subjects. The CT-based model is not suited for the analysis of multiple subjects
because the pre- and post-processing are time-consuming, while the hybrid model is
more efficient. By design, each sub-domain of the hybrid geometry is consistent with
each branch, so geometry and aerosol delivery can be compared branch by branch.

Chapter 6 summarizes Chapters 2-5 and presents potential improvements in

the models and their applications.
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CHAPTER 2
NUMERICAL SIMULATIONS OF AEROSOL DELIVERY IN THE
HUMAN LUNG USING DIFFERENT CARRIER GASES

2.1 Introduction

Aerosols have strong relevance to human health because inhalation of environ-
mental or toxic aerosols can cause diseases,whereas inhalation of therapeutic aerosols
can treat diseases. For example, Gauderman et al.[29] recruited 1759 children in 12
southern California communities and measured their lung functions annually for a
period of 8 years. They found that regional air quality has chronic, adverse effects
on lung development in children as they reach adulthood. In addition to regional
air quality, Gauderman et al.[30] found that micro-environments in association with
freeway also affect lung functions of 3677 children, depending on how close they lived
from a freeway of high particulate concentrations. Conversely, for treatment of dis-
eases aerosols can be used to deliver drugs to the lung airways as well as to the
bloodstream by depositing aerosols in the alveolar regions[27]. To maximize thera-
peutic drug effect, minimize unwanted side effects, and reduce treatment cost, it is
important to effectively deliver inhaled drugs to different regions of interest in the
lung[6, 79], e.g., proximal /peripheral region (serial targeting[6]), left /right lung, and
upper/middle/lower lobe (parallel targeting[6]). Therefore, understanding the mecha-
nisms of regional aerosol deposition is crucial.

Computational fluid dynamics (CFD) models have risen in popularity as a

tool for studying aerosol deposition in the human lungs because they can be used
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to track individual aerosol motion and quantify aerosol deposition in a region of
interest[20, 44, 48, 51, 60, 71]. Since the flow field governs aerosol delivery, an accu-
rate prediction of aerosol deposition depends on an accurate realization of flow field,
which in turn depends on CFD airway model geometries, fluid solvers, and boundary
conditions. Thus, use of a realistic airway geometry is desirable[54, 60, 87]. Even if
the Reynolds number (Re, based on the bulk velocity) of the air flow in the lungs is
lower than the critical Re of 2300 in a straight smooth pipe flow, the flow can become
turbulent due to the glottal constriction that induces a turbulent laryngeal jet[54].
Thus, unsteady eddy-resolving CFD models, e.g., large-eddy simulation (LES), are
necessary to accurately predict the flow field. Currently, since the whole lung geom-
etry is not available for CFD simulations, proper boundary conditions are needed to
produce physiologically-consistent regional ventilation at the whole lung level[95].
The airway geometry, flow rate, aerosol properties, and gas properties are the
other important factors that determine aerosol delivery in the human lung. A num-
ber of experimental and numerical studies have been conducted to study the effect
of aerosol size on aerosol delivery, a review of which can be found in Lippmann et
al.[56]. In contrast, the effect of gas physical properties on aerosol delivery in the
human lung is not sufficiently understood. Most previous studies have focused on
a heliumoxygen mixture (heliox), as reviewed by Corcoran and Gamard[18]. Exper-
imental studies showed that heliox lowers the airway resistance as compared with
air, thus improves the ventilation for a given pressure drop, and that the alveolar

aerosol deposition increases with decreasing airway resistance[18]. The oral deposi-
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tions for different airway geometries, flow rates, and aerosol sizes were measured in
the experiment by Grgic et al.[34] and the results showed the correlation between the
oral deposition, Stokes number (Stk), and Re. Although experimental studies have
provided an overall picture of aerosol deposition, regional (lung) aerosol distribution
has not been comprehensively studied.

The aerosol distribution in a model of the bronchial tree extending from the
trachea to the segmental bronchi was simulated to find the relationship between
ventilation and aerosol distribution[20]. The aerosol delivery for laminar to turbulent
flows in the oral cavity and trachea was investigated numerically using a Reynolds-
Averaged NavierStokes (RANS) model[48]|, which showed the critical Re is higher
than 1200 (critical flow rate of more than 15 L/min) in the trachea. The aerosol
deposition for heliox in an oral extra-thoracic airway model was simulated using a
RANS model[71], and the correlation of the oral deposition with not only Stk but
also Re was confirmed. Nonetheless, the literature is currently lacking accurate CFD
numerical studies on aerosol delivery in the extra- and intra-thoracic airways over a
wide spectrum of Re (ranging from 190 to 2800) that arises due to variation in gas
properties.

In this chapter, the effect of gas properties on regional areosol distribution is
investigated numerically. The airway model consists of multi-detector row computed
tomography (MDCT)-based upper and intra-thoracic central airways. The LES tech-
nique and an image registration-derived boundary condition are adopted to capture

turbulent and transitional flow characteristics at a local level, and to match subject-

www.manaraa.com



18

specific regional ventilation at the whole lung level, respectively. The aerosol delivery
is then simulated using the Lagrangian tracking algorithm with unsteady turbulent

flow fields.

2.2 Methods
2.2.1 Study Cases

Figure 2.1 exhibits the realistic geometric model of the human airway recon-
structed from MDCT images[14, 51, 95]. The average airway diameters D,,, of the
trachea, the left main bronchus (LMB), and the right main bronchus (RMB) were
18.8, 11.9, and 16.1 mm, respectively. Fine, medium, and coarse meshes of 15-, 8-,
and 4-million tetrahedral elements were generated for a grid sensitivity analysis. The
image-registration-derived boundary condition[95] was imposed at the end faces of
the terminal airways to produce subject-specific regional ventilation. This method
uses two MDCT volumetric lung image datasets from a single human subject, scanned
at two different lung volumes, to derive physiologically realistic flow rates at the end
of each ending branch in the human airway model (Figure 2.1). The CT intensities
of the lung images can be used to calculate regional air volume distributions at the
two lung volumes. By image registration, the mapping between the two images can
be obtained to derive the regional air volume change (ventilation) of the subject.
The entire conducting airway tree of the subject can also be constructed using the
volume filling technique[81]. By overlapping the regional ventilation with the whole

airway tree, the change of air content associated with individual terminal bronchioles
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(b)

Trachea

\.-" «— Glottis

/

Trachea

Figure 2.1: The airway model geometry and the definition of the terms used: (a)
upper airways viewed from right and the region of aerosol release viewed from front,
(b) lower airways viewed from front. r,, = radius of the mouthpiece, r; , = inner and
outer radii to define the region of aerosol release, LMB = left main bronchus, RMB
= right main bronchus, LUL = left upper lobe, LLL = left lower lobe, RUL = right

upper lobe, RML = right middle lobe, RLL = right lower lobe.

can be calculated. Then by connectivity of the tree structure, the flow rates for the
MDCT-resolved ending branches can be determined. Details of the methodology are
given in Yin et al.[95].

To investigate the effect of Re on regional aerosol distribution, four different

carrier gases were considered: helium (He), a heliumoxygen mixture (He-O,), air,
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and a xenon-oxygen mixture (Xe-Oj). A steady inspiratory flow rate of 342 mL/s
was imposed at the mouthpiece inlet for a time period of 2.16 s. The tracheal Re
(Re¢, defined below) for He, He-Og, air, and Xe-O in this subject at this flow rate
were 190, 460, 1300, and 2800, respectively. The airway model and the flow condition
for the air case were the same as those by Lambert et al.[51] and Yin et al.[95].
The properties of these gases were summarized in Table 2.1. It is noteworthy that a
heavier gas under the same inlet flow condition yields a higher Re. The left-right lung
(LR) ventilation ratio for this subject is 0.98, which is derived from CT images via the
image-registration-derived flow boundary condition[95]. In order to investigate the
effect of LR ventilation ratios on aerosol delivery, the LR ventilation ratio in the He
case was artificially reduced to 0.67 (2/3). This special case is referred to as “He23”.
A total of five cases were investigated: He, He23, He-O,, air, and Xe-Os.

The aerodynamic diameter (d,.., defined below) is the only particle property
that affects the trajectory of a spherical particle with diameter d, when particle Re
(denoted by Re,) < 1 and d > k, where A is the mean free path of molecules in the
gas[27].

doer = (s9)V%d (2.1)

where sg is the specific gravity defined as the ratio of the particle density (p,) over
the water density. To study aerosol distribution, we chose d = 2.5 ym and p, = 1000
kg/m3, yielding d,., = 2.5 um for the following two reasons. First, the aerosols with
dger between 1 and 5 pm were reported to achieve the most effective deposition in the

human lung[37, 70, 77]. Furthermore, the main deposition mechanism for aerosols
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Table 2.1: Fluid properties of He, He-O, mixture, air, and Xe-Oy mix-

ture.

Fluid p; (kg/m*) up (kg/sm) v (m?*/s) Re; A x10° (m)

He 0.166 1.97 x 107 11.9x 107° 190 0.15
He-O, 0.400 1.98 x 107> 4.95 x 107° 460 0.13
Air 1.200  2.04x107° 1.70 x 10~® 1300 0.067

Xe-0Oy 2.597 2.09 x 10™® 0.81 x 10™® 2800 0.064
2 He-O9 = 80%He-20%09 and Xe-Oy = 40%Xe-60%05.

by ¢ = fluid density, v = kinematic viscosity, Re; = trachea Reynolds num-
ber based on the trachea hydraulic diameter of 18.3 mm, and A = mean
free path.

¢ Re; is presented with two significant digits.

of dyer > 1 pm in the tracheobronchial region shown in Figure 2.1 is impaction.
Second, the densities of aerosolized pharmaceutical drugs are close to that of water.
Nonetheless, for model validation, we compared with the existing data of the oral
deposition and the LR distributions for a wide range of aerosol sizes dg.,., = 1.0, 2.5,
5.0, 10, 20, 40, 80, and 160 pm.

Ten thousand spherical aerosols were released at the mouthpiece, having a
circular cross-section with radius r,,,. The probability integral transform was used to
generate the cylindrical coordinates (r, 8) of the aerosols released uniformly in the

annular region between two radii r; and r, (Figure 2.1):

P e =)+ 2 (22)

0 =2n( (2.3)
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where ¢ and (¢ are random numbers distributed uniformly between 0 and 1. If the
aerosols are released uniformly over the entire cross-section of the mouthpiece, i.e.,
(ri,70) = (0,7), Equation 2.2 reduces to r = \/€r,,. To study the effect of aerosol
release location on aerosol distribution, we divided r,, into 10 uniform segments and
released aerosols between two radii r; = (¢—1)0.1r,, and r, = (¢)0.17,,, with i = 1—-10
at the mouthpiece. The average aerosol release location in any of these annular regions
is denoted by 7., namely r. = 0.5 (r; + r,) = (i — 0.5)0.1r,,. The uncertainty due to
the random number generator is assessed in the He case. Based on eight different
seeds in the random number generator, the uncertainty due to the seed on the LR
aerosol distribution ratio is less than 1.5 %. An aerosol is considered to be deposited
on the airway wall when the distance between the aerosol center and the nearest wall
is smaller than the aerosol radius.

For model validation, the oral deposition was quantified using the deposition
efficiency DFE. The oral deposition efficiency DFE, is defined as the ratio of the number
of aerosols deposited in the oral cavity to the total number of aerosols released in the
mouthpiece. The local Reynolds number Re; based on the local velocity scale U; and

the length scale D; is defined as

prUD;  UD,
- fu =— (2.4)

Rel

where subscript [ is replaced with o for oral cavity and ¢ for trachea, ps is the fluid
density, p is the fluid dynamic viscosity, and v is the fluid kinematic viscosity. Grgic et
al.[34] used the geometrically equivalent diameter D,,eqn, as D; and the bulk velocity

Unean (based on Dyueqn) as Uy, where Dopean = 24/V/wL, and V and L are the
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respective volume and path length of the airway segment.

The time history of the number of aerosols that passed the cross-sections Xy g
and Xgyp (Figure 2.1) was monitored at a time interval of 0.006 s. The particle flux
is defined as the number of aerosols passing through the cross-section per unit time.
The integration of the particle flux over time, i.e., the area underneath the particle
flux curve, gives the cumulative aerosol number.

The tracheobronchial airway resistance Ry, was used to compare the bulk air-
way resistance for the four different gases. The Ry, is defined as the ratio of the
tracheobronchial pressure drop Apy to the flow rate at the mouthpiece (),,. The
Apy, is defined as the difference between the pressure at the mouthpiece p,, and the
average of the pressures at all the terminal airways pi,; in the CT-based airway

model.
Apy, _ Pm — (vazt;m) /Ntrm

=3, on

(2.5)

where Ny, is the number of the terminal airways.

2.2.2  Computational Method
The gas flow was simulated using an in-house LES code. The governing equa-
tions for the flow of incompressible fluids consist of the filtered continuity and mo-

mentum equations.

8’[1,1'
= 2.
oz, 0 (2.6)
ou,; ou,; 1 Op *u;
. = __ 2.
ot * 43 8xj Py 3x1 * (V + VT) ijaxj ( 7)
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using the summation convention for repeated indices, where u; is the velocity com-
ponents in x;-direction, p is the pressure, vy is the subgrid-scale (SGS) eddy vis-
cosity. The governing equations are integrated using the second-order characteristic
Galerkin fractional four-step method. A pressure-Poisson equation is solved to satisfy
the continuity equation, Equation 2.6. The SGS model by Vreman|[86] is adopted to
compute vy, which is reduced to zero for laminar flow. The time step is determined
by the CourantFriedrichsLewy (CFL) condition. This model has been previously
validated[14, 51, 54]. Further model validation can be found in the validation sub-

section.

2.2.3 Lagrangian Particle Tracking Algorithm
Aerosol trajectories were computed with the Lagrangian tracking algorithm
using the simulated flow field. The main mechanism of particle deposition in the
tracheobronchial region is impaction, so Brownian motion of the particles is not con-

sidered. The governing equation for the particle trajectory is

dv, ; Pp — Pf
L A i N 2.8
dt Ip, oy g (2.8)

where v,; is the particle velocity, fp; is the drag force per unit mass, and g; is
the gravitational acceleration. Since p, is typically 1000 times greater than py, the

coefficient for the second term is close to unity. The drag force per unit mass fp; can

be computed as

fD,i = Stk X Dl (vai - Up,i) (29)
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where vy, is the fluid velocity interpolated from the fluid velocity field u; at the
particle location and U; and D, are the respective local velocity and length scales as

defined in Equation 2.4. The Stokes number Stk can be expressed generally as

1
Stk=-2_— __— (C.a*" 2.10
3pf Dy vy CD “ ( )

where v, is the magnitude of the particle velocity relative to the fluid velocity, Cp
is the drag coefficient, C. is the Cunningham slip correction factor[38], and « is the
particle-particle interaction factor[27], which was set to 1 in this study due to the
negligible particle volume per unit gas volume of 1.30 x 10~7 for 2.5 um-particles.
Particles with small Stk (< 1) follow streamlines, while particles with large Stk
(~ 1) do not follow rapid changes in curved streamlines. Cp is generally a function

of particle Reynolds number Re,[65], which is defined as

Re, = U’";’d (2.11)

When Re, < 1,
Oy — é_jp, s (2.12)
Stk = (1];2 ”gi o370, (2.13)

For the four gases considered, a higher Stk implies a larger d.

2.2.4 Grid and Flow Time Interval Sensitivity
The aerosol depositions are sensitive to the velocity field near the wall, thus to
the grid size. Therefore, the sensitivities of the regional aerosol distribution and the

oral deposition to the grid size were investigated with three different computational
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meshes. The average element sizes of the medium and the fine meshes were 82 and
66% of the element size in the coarse mesh. The oral deposition efficiencies DE, of
2.5 pm-aerosols in air for the coarse, medium, and fine meshes were 6.5, 4.2, and
3.4%, respectively. The absolute differences in the oral deposition between the coarse
and medium meshes and between the fine and the medium meshes were 2.3 and 0.8%,
both of which are less than the uncertainty (3.4%) between our data and the empirical
results of Grgic et al.[34]. In addition, the absolute differences in the DE, of 2.5 pym-
aerosols between Xe-O5 and air and between air and He for the fine mesh are 1.4 and
2.0%, respectively. Therefore, the fine and medium meshes are sufficient to predict
the oral depositions for different gases. The fine-mesh result is used in the following
analysis.

For turbulent flow, the velocity field is unsteady, and the instantaneous ve-
locity field, not the time-averaged velocity field, determines aerosol motion. Aerosol
trajectories were computed by post-processing a time sequence of instantaneous flow
fields. The effect of the time interval between two subsequent flow fields on the
LR aerosol distribution was investigated for optimal data storage and computational
time. We used the average integral time scale of turbulence (~ 0.003 s) in the region
between the pharynx to the main bronchi as a reference time scale. The result showed
that for 2.5 pm-aerosols computed in air using time intervals of 0.003 and 0.006 s,
the difference between the LR aerosol distribution ratios was 0.01, which is smaller
than the standard deviation of the LR aerosol distribution ratio. Therefore, the flow

time interval of 0.006 s was used in the following analysis.
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Because of the transient nature of turbulent flow, the aerosols need to be re-
leased multiple times to obtain time-averaged quantities, so the effect of the number
of aerosol releases on average LR aerosol distribution was also studied. The time
interval between consecutive aerosol releases was set to 0.048 s, which is much longer
than the integral time scale of turbulence. The study showed that when the aerosols
are released more than 8 times, the relative variation of the average LR aerosol distri-
bution ratio is less than 1%. As described below in detail, only for the case of He-O,
the flow became transitional with low-frequency oscillation, so the aerosols are re-
leased for 7 oscillatory periods with 8 aerosol releases per period. The mean and the
standard deviation of the quantities obtained from multiple releases of aerosols are

reported below.

2.2.5 Validation
The aerosol deposition efficiencies in the oral cavity and at the main bronchi
were compared with previously published experimental results for validation. Addi-
tional validation is shown in Lambert et al.[51]. The oral deposition efficiency DE,
from the current simulation was compared with the DFE, from the similarity equation

proposed by Grgic et al.[34] based on their experimental results:

1 1
DE =1 — =1
b (Stho - Reg)” +1 115 (Stk, - ReS™7) " 41

(2.14)

where Stk, and Re, in Figure 2.2 are calculated based on Grgic et al.[34] and the
subscript o means “oral”. In contrast to Lambert et al.[51], which assumed constant

Re, and different sizes of aerosols, the Stk, and Re, here differ due to differing gas
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Figure 2.2: (a) The oral deposition efficiency compared with the similarity equation
obtained experimentally by Grgic et al. (G)[34] with the dashed lines that envelop
the experimental data. The parameters (b, ¢) in Equation 2.14 are (45, 2.2) and (6.0,
2.2) for the upper and the lower dashed lines, respectively. (b) The first generation
deposition efficiency compared with the experimental results by Chan and Lippmann
(CL)[10] and Zhou and Cheng (ZC)[100]. “ZC15”, “ZC30”, and “ZC60” denote the

cases of 15, 30, and 60 mL/s, respectively, in Zhou and Cheng[100].

properties and aerosol sizes.

The current results agreed reasonably well with Equation 2.14. Sandeau et
al.[71] used a different set of model parameters (a, b, ¢) = (0.30, 150, 2) in Equation
2.14, but the current results agreed better with Grgic et al.[34]. The current simula-
tion slightly overestimates DE, for a lower value of Stk, - Re2*". The difference may
be attributed to the uncertainties in inter-subject variability, simulation, or experi-

ment. We further compared the predicted deposition efficiencies at the first airway
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generation DE; with the experimental measurements by Chan and Lippmann[10],

and Zhou and Cheng[100]. Figure 2.2b shows that they are in good agreement.

2.3 Results
2.3.1 Flow Field

The predominant flow structures in the oral cavity and the trachea are the
free-shear jets created by the constrictions at the mouth and at the glottis. Figures
2.3a-2.3c show that the spatial scale of the jet structure becomes smaller as the flow
is more turbulent with increasing tracheal Re; (or gas density). Figures 2.3d-2.3f
show that, around the peripheral region of the jet, the flow is more dispersed and
the length of the jet becomes shorter as Re; increases. The length of the laryngeal
jet is defined as the length of the region where the velocity magnitude is larger than
the bulk velocity at the glottis. The laryngeal jet lengths are 7.91D;, 7.87D,, 2.74D,,
and 1.74D; for Re; ~ 190, 460, 1300, and 2800, respectively, where D, is the average
tracheal diameter. The comparison between Figures 2.3a-2.3¢ and 2.3d-2.3f clearly
shows the transient feature of turbulent flow for the case of Xe-O,. The values of the
tracheobronchial airway resistance Ry based on the time-averaged flow fields of He,
He-O,, air, and Xe-O, are 0.170, 0.233, 0.421, and 0.732 cmH,O/(L/s), respectively,
and the Ry, increases almost linearly with increasing Re;.

Figure 2.4 shows that for the He case the turbulent kinetic energy (TKE) is
negligible compared to that of Xe-O,, and that the TKE normalized by the bulk

velocity is less than 1078 in the trachea. Therefore, the flow in the He case is laminar,
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Figure 2.3: The instantaneous (at 2.16 s), (a)(c), and time-averaged, (d)(f), velocity

magnitude (VM) |v| (m/s) distributions in a vertical plane cutting through the center

of trachea looking from right: Re; = (a)(d) 190 (He), (b)(e) 460 (He-Os), (c)(f) 2800

(XG—OQ) .
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Figure 2.4: The turbulent kinetic energy (TKE) k (m?/s?) distributions in a vertical
plane cutting through the center of trachea looking from right: Re; = (a) 190 (He),

(b) 460 (He-0,), (c) 2800 (Xe-Oy).

which can also be confirmed by comparison of Figures 2.3a and 2.3d. For the cases of
air (not shown) and Xe-O,, the TKE is greatly amplified due to increased turbulent
motions. The high TKE is mainly found in two regions: (i) the shear layer between
the free stream and the open-cavity-like geometry near the top of the trachea, and
(ii) the shear layer surrounding the jets in the oral cavity and the trachea.

Only for the case of He-O,, the jets in the oral cavity and the trachea exhibit
low-frequency oscillation due to the transitional nature of the flow. As a result of a
spectral analysis, the period of this low-frequency oscillation was 0.36 s both in the

oral cavity and the trachea. The instantaneous velocity field quantitatively resembles
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Figure 2.5: The iso-surfaces of the velocity magnitude at 1.75 m/s in the lower airways

with the LR ventilation ratio of (a) 0.98 (He) and (b) 0.67 (He23).

the time-averaged velocity field (Figures 2.3b-2.3e), while the TKE is not negligible
compared to Xe-Oy (Figures 2.4b-2.4c): TKE  ax te-0, ~ TKEmax xe-0,/6. From the
simulation results with He/Oy = 85/15 and Re; = 390, the flow remains laminar.
Therefore, the flow becomes transitional as Re; increases from 390 to 460. The critical
Re; for transition between laminar and turbulent flows (Re;,.) is approximately taken
as 430.

The ratio of the cross-sectional areas Xyyp/X g is 0.72, so the bulk gas speed
is higher in Xy,\ig with the given LR ventilation ratio of 0.98, resulting in a much larger
high-speed region near the inner wall of the LMB than in the RMB (Figure 2.5a).
In the He23 case, the LR ventilation ratio is 0.67, resulting in comparable bulk gas
speeds in both LMB and RMB. As a result, the high-speed region in the RMB is

nearly as large as that in the LMB (Figure 2.5b). Since the only difference between
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the cases of He and He23 is the LR ventilation ratio, the flow fields in both cases are

nearly identical before reaching the first bifurcation.

2.3.2 Regional Aerosol Distribution

Figure 2.6 shows that the aerosols are less dispersed in the He-gas laminar flow.
In contrast, in the Xe-Os-gas turbulent flow, the aerosols are already well mixed in
the oral cavity and distributed uniformly when entering the trachea. In addition, the
aerosols in the turbulent flow are transported more slowly along the axial direction of
the airway than in the laminar flow. Figure 2.7 shows that more aerosols are advected
first to the LMB and then to the RMB in the laminar flow (He), whereas nearly equal
numbers of aerosols enter the LMB and RMB at the same time in the turbulent flow
(Xe-Og). In the steady laminar flow, there are two local peaks in the time history of
particle flux to the RMB due to the complex flow field in the oral cavity, which is
specific to this subject. It is noteworthy that the summation of the areas underneath
the two curves in the laminar flow is the same as for the turbulent flow, because of
using the same number of aerosols for both cases.

The peaks for both Xy, and Xgryp at around 0.25 s in Figure 2.7a correspond
to the cloud aerosols located on both sides of the upper trachea indicated by the two
arrows in Figure 2.6a. The aerosols are already split into the two groups before
entering the trachea due to the deflection of the flow against the wall in the oral
cavity. For the case of He23 shown in Figure 2.7b, the aerosols are delivered to the

LMB and RMB in a similar manner as for He, but the difference between the particle
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Figure 2.6: The instantaneous distributions of 2.5 pm-aerosols when the aerosols
reached the second bifurcation in the left lung: (a) He at 0.195 s and (b) Xe-Oy at
0.228 s after the release of the aerosols at the mouth, viewed from the front. The

aerosols are released uniformly over the cross-section of the mouthpiece ((r;,7,) =

(0,7)).
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Figure 2.7: The time history of particle flux of 2.5 pm-aerosols at Xy g and Xgys
in (a) He, (b) He23, (c) He-O4, and (d) Xe-Og. The aerosols are released uniformly

over the cross-section of the mouthpiece ((r;,7,) = (0,7.,)).
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fluxes to the respective LMB and RMB is smaller than that of the He case due to
the lower LR ventilation ratio for the case of He23 (Figure 2.7b). In the particle flux
profile for He-O, (Figure 2.7¢) there is no sharp peak as observed in He and He23,
but the profile for X ;g is different from Xz 5, suggesting that aerosols in He-O,
are not as well mixed as those in Xe-Oy. The particle flux profiles for air (not shown)
and Xe-Oq (Figure 2.7d) are similar to each other.

When the aerosols are released uniformly over the cross-section of the mouth-
piece, the LR aerosol distribution ratios for the cases of He, He23, He-O,, air, and
Xe-O are 0.99, 0.67, 1.01 4+ 0.046, 1.00 £ 0.047, and 0.98 £ 0.046, respectively. The
latter three cases include the standard deviations based on the results of multiple
aerosol releases to account for the transition (He-O) and turbulence (air and Xe-Oy)
effects. For the LR ventilation ratio of 0.98, the difference between the mean aerosol
ratios in the laminar (He), transitional (He-Osz), and turbulent (air and XeO;) flows
is not statistically significant, and the aerosols entering the LMB and RMB are about
the same. The uncertainty due to the transition and turbulence effects is less than
5% in He-Og, air, and Xe-O,. For the case of He23 with the LR ventilation ratio of
0.67, the aerosol distribution ratio nearly equals the corresponding ventilation ratio
as in the He case.

When the aerosols are released only in the annular region between two radii r;
and r,, the LR aerosol distribution ratio deviates from the corresponding ventilation
ratio in the laminar (He) and transitional flows (He-O), whereas the LR aerosol

ratio is nearly equal to the ventilation ratio in the turbulent flows (Xe-Oy and air)
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as shown in Figure 2.8. In the laminar flow, the distribution of the aerosol ratio is
not monotonic, varying significantly between around 16 and 0.4. In the transitional
flow, the deviation of the aerosol distribution ratio from the ventilation ratio is much
smaller than that in the laminar flow, and the uncertainty is larger than that in
the turbulent flow due to the low-frequency oscillation of the jets. In the turbulent
flow, the uncertainty is greater when the aerosols are released near the center of the
mouthpiece, perhaps due to their physical correlation with the turbulent jets in the
core region of the airways. The shape of the distribution of the aerosol ratio for He23
is similar to that for He, but the average ratio for He23 is smaller than that for He
due to the smaller ventilation ratio.

If aerosols are released randomly over the radius[51] as expressed below

7= &Tm, (2.15)

then more aerosols are clustered near the center of the mouthpiece. This distribu-
tion differs from the uniform distribution given by Equation 2.2. With the aerosol
distribution given by Equation 2.15, for the case of turbulent flow the LR aerosol
distribution ratio still nearly equals the ventilation ratio, suggesting that the initial
aerosol distribution does not affect the LR aerosol distribution. On the other hand,
for the laminar flow the LR aerosol distribution ratio is 1.3, indicating that 30% more
aerosols are advected to the LMB. This is consistent with the results described above.
That is, for the case of laminar flow with the aerosol distribution given by Equation
2.15 at the mouthpiece, aerosols clustered near the center of the mouthpiece are more

likely to be advected to the LMB as shown in Figure 2.8.
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Figure 2.8: The LR aerosol distribution ratios as a function of the location of the
aerosols at the mouthpiece r. non-dimensionalized with the radius of the mouthpiece
Tm. The dash-dot and dash lines represents LR ventilation ratios of 0.98 (He, He-Os,

air, Xe-Oy) and 0.67 (He23), respectively.
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2.4 Discussion
The first objective of this study is to study the effect of carrier gas properties
on aerosol transport and distribution for effective drug delivery in the human lung.
Previous experimental and numerical studies have focused on the oral deposition, so
the interest of this study is in the distribution of small (2.5 ym) aerosols in the intra-
thoracic airways. The second objective of this study is to show the importance of the

unsteady eddy-resolving CFD model to account for the turbulent laryngeal jet.

2.4.1 Effect of Gas Properties

Different gas properties result in different Re,. If Re; is lower than ~ 430,
the flow is laminar, and small aerosols generally follow the steady streamlines of the
flow (i.e. flow structures), which depend on airway geometry and regional ventilation.
Thus, the release location of an aerosol at the mouthpiece determines its transport
along the streamline that begins at the release location. Aerosols advected along dif-
ferent streamlines may experience different degrees of acceleration and deceleration.
For example, in the He-gas laminar cases the aerosols first enter the LMB, and then
enter the RMB as illustrated in Figure 2.7a. Furthermore, if small aerosols are uni-
formly distributed at the mouthpiece, the flow ventilation ratio basically determines
the LR aerosol distribution ratio.

For the He-O, case of transitional flow, the jets in the oral cavity and the
trachea exhibit low-frequency oscillation and can mix aerosols. For the cases of tur-

bulent flow (air and Xe-O,), inhaled small aerosols are well mixed in the oral cavity
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and the trachea before entering the main bronchi LMB and RMB (Figures 2.7¢-2.7d).
Thus, regardless of the aerosol release location at the mouthpiece, the flow ventilation
determines the LR aerosol distribution (Figure 2.8). The major difference between
the laminar and turbulent flow cases is that turbulent structures mix aerosols in the
oral cavity and trachea, and subsequently aerosol distribution does not depend on
the release location at the mouthpiece. In contrast, for the case of laminar flow,
the mixing of aerosols is absent, and flow ventilation would roughly match aerosol
distribution only if the aerosols are uniformly distributed at the mouthpiece.

The critical Re; of ~ 430 found in this study is lower than the critical Re of
~ 2300 for transition to turbulent flow in a straight pipe. It is because the turbulent
flow in the trachea is caused by the airway constriction at the glottis, being a free-
shear flow rather than a wall-bounded flow. Dekker[21] found experimentally that the
critical flow rate for transition to turbulent flow in the trachea is 96 £ 26 mL/s with
v =151 x 107° m?/s. Although Dekker[21] did not report the trachea diameter nor
the critical Re;, with the assumption[40] of D; = 16 mm the critical Re; is estimated
to be 506 4 137, which is close to the current critical Re;. The uncertainty in the
critical flow rate is due in part to its dependence on individual airway features (e.g.,

glottal constriction) and upstream flow disturbances.

2.4.2 Comparison with Other CFD Studies

Table 2.2 summarizes some related CFD studies. Except Jayaraju et al.[44],

all of the listed studies used RANS models only. The other common feature in
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these studies is that aerosols were released uniformly at the inlets of their respective
airway models. RANS models predict time-averaged mean flow fields and turbulent
statistics, e.g., TKE, without resolving any transitional /turbulent flow structures.
Therefore, there are two common approaches used for prediction of aerosol trajectories
on a RANS-predicted flow field. One approach uses the mean flow field only, being
referred to as “mean flow tracking” (MFT). The other approach, known as “turbulent
flow tracking” (TFT), employs an eddy interaction model (EIM)[33, 44] to introduce
random turbulent fluctuations based on RANS-predicted TKE to the mean flow field.

MFT does not allow turbulent mixing of aerosols. Lagrangian tracking of
particles in a RANS-predicted mean flow is numerically equivalent to tracking in a
steady laminar flow, where aerosol trajectories depend on the aerosol release location.
As a result, MFT cannot reproduce the release-location-independence feature of the
aerosols in turbulent flows (Figure 2.8). Releasing aerosols uniformly at the model
inlet may help dispersing aerosols in the absence of turbulent mixing.

TFT utilizes the predicted intensity and distribution of TKE, which depend
on the RANSs limited ability to predict turbulent characteristics, e.g., free-shear flow
vs. wall-bounded flow and isotropy vs. non-isotropy. Accurate prediction of turbulent
features is crucial to reproduce preferential particle concentration in turbulent dis-
persed multiphase flow[3]. Jayaraju et al.[44] showed the accuracy of two unsteady
eddy-resolving methods, detached-eddy simulation (DES) and LES, over RANS using
both MFT and TFT. Kleinstreuer and Zhang[48] simulated the acrosol delivery in

laminar to turbulent flows with TFT. Their results showed that the flow is laminar
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Table 2.2: Comparison between the previous numerical studies about aerosol

delivery in the human lung using Reynolds-Averaged Navier-Stokes (RANS)

models.
Airway RANS Particle B.C. Re; Ret.
Ma Oral cavity k—e¢  MFT H® 1200 < 1200
and Lutchen|[60] Bronchioles TEFT -48004
(G)
Kleinstreuer Oral cavity LRN TFT NA 1200 1200
and Zhang[48] Trachea  k—w -48009 2400
Darquenne et al.[20]  Trachea k—e  MFT H 500 8000°
Bronchioles -2500¢

Jayaraju et al.[44]  Oral cavity LRN MFT  NA 2100 NA
Trachea kE—wt  TFT

(G)
Sandeau et al.[71] ~ Oral cavity LRN ~ TFT  NA 280 400
Trachea  k—w (G) -31008

& “RANS” is k — € or low-Reynolds number (LRN) k& — w model. “Particle” is
mean flow tracking (MFT) and/or turbulent flow tracking (TFT). “B.C.” is the
ventilation boundary condition (B.C.) at the ending branches. Re; and Re; . are
the Reynolds and critical Reynolds numbers in the trachea, respectively.

b (G) = oral deposition efficiency is compared with that by Grgic et al.[34].

¢ H = Horsfield et al.[40].

4 Dy = 18 mm is assumed[90].

¢ The values are obtained from their earlier paper[84].

f RANS is compared with detached eddy simulation (DES) and large eddy simula-
tion (LES).

& The values are computed based on Re; = 400 for airflow of 128 mL/s.
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for Re; = 1200 (airflow rate of 15 L/min) with the assumption35 of D; = 18 mm,
and the flow becomes turbulent when Re; is 2400 (30 L/min). The estimated critical
Re; (between 1200 and 2400) is more than twice the ones found from the experi-
ments by Dekker[21], the numerical simulations by Sandeau et al.[71] and the current
study. In Kleinstreuer and Zhang[48], the maximum TKE in the trachea normalized
by the trachea bulk velocity for Re; of 1200 is underestimated by about three orders
of magnitude as compared with Sandeau et al.[71] and the current study.

Darquenne et al.[20] reported that “ventilation defines the delivery of aerosol
to lung segments” when small (0.5-, 1-, and 2-um) aerosols are released uniformly at
the trachea with air flow rate of 500 mL/s (Re; = 2500). Their airway model is the
only model that begins from the trachea without including the oral cavity and the
larynx. Their earlier paper[84] reported no significant differences between the results
predicted by laminar and RANS models and the critical Re; of 8000, suggesting the
importance of including the upper airway in the model. Although their finding about
the aerosol distribution agrees with the current study, this work further indicates the
dependence (independence) of aerosol distribution on the aerosol release location in
laminar (turbulent) flow.

Ma and Lutchen[60] found that the oral deposition predicted by MFT agrees
better with Grgic et al.[34] than that by TFT. On the contrary, Jayaraju et al.[44]
showed that TFT predicts more accurate oral deposition compared to MFT. The
difference between them may be attributable to the differences in their airway and

RANS models. Ma and Lutchen[60] used MFT to predict the LR aerosol deposition
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ratio of greater than unity, which was also found by Lambert et al.[51] using LES

with a different airway model and ventilation boundary conditions.

2.4.3 Potential for Targeted Drug Delivery

The relationship between the aerosol distribution ratio and the aerosol release
location at the mouthpiece in laminar flows could potentially be used for better
localized targeting in drug delivery. In practice, the Re can be reduced to stabilize
the flow not only by increasing the kinematic viscosity as in the current study, but
also by decreasing the flow rate[34]. With a lower flow rate, the inhalation should last
longer to keep the same tidal volume. Ross and Schultz[70] suggested that the dry
powder inhaler (DPI) requires relatively high flow rate to create “respirable” aerosols,
whereas the metered dose inhaler (MDI) does not. Although some patients, especially
children, cannot use MDI correctly[19], the MDI is more suitable for the inhalation
with low flow rate. Because DPI devices have rapidly been being improved[23, 74],
new technology may enable DPI to generate fine aerosols with lower flow rate.

According to Martonen[62], the tidal volume and frequency of the represen-
tative breathing pattern for resting conditions are 500 mL and 14/min, which corre-
spond to the period of 4.29 s, resulting in an average flow rate of 233 mL/s. If heliox
(80%He-20%02, v = 4.95x 1075 m?/s) is selected as a carrier gas, the Re; is 375 with
the assumption of D, = 16 mm. As stated above, the main objective of this paper is
to show the effect of gas properties on aerosol distribution, and He gas is used mainly

to show the lower end of the kinematic viscosity range. However, according to the
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above estimate, the Re; based on the average flow rate of heliox for the resting breath-
ing condition is lower than the critical Re;. Therefore, it is still possible to produce
a laminar flow condition, although it can be challenging to generate micro-particles
with this flow rate.

Even if the Re; is lower than the critical Re; so that the flow is laminar, the
relationship between aerosol distribution and release location may still depend on Re;
due to the complex geometry of the upper airways. Nonetheless, once the relation-
ship for the individual with a given Re; (lower than the critical Re;) is known, the
mouthpiece could be modified to optimize drug delivery. For the subject considered
here, most of the small aerosols located near the center of the mouthpiece enter the
left lung, so more aerosols can be delivered to the left (right) lung by releasing the
aerosols near (away from) the center.

The advantage of the flow with Re; higher than the critical Re; is that the
aerosols are delivered to the lung following the ventilation, so detailed information
concerning the airway geometry is not needed. The ventilation can be estimated by
using the image registration-derived boundary conditions. However, the Re; should
not be too high because (i) the tracheobronchial airway resistance increases almost
linearly with increasing Re; and (ii) the difference in aerosol delivery by differing

carrier gases is small if the flow becomes turbulent.
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CHAPTER 3
AUTOMATIC CONSTRUCTION OF MULTISCALE HUMAN
AIRWAY MODELS INCLUDING TRIFURCATIONS

3.1 Introduction

The geometric models of branching tubular structures can be applied to medi-
cal education, virtual reality (VR) operating planning, augmented reality (AR) inter-
operative support, and numerical simulations of blood vessel and airway trees[85, 35,
76, 80]. One of the approaches to modeling branching structures is the centerline
(CL)-based modeling. The CL-based models reconstruct the three-dimensional (3-D)
geometry of a branching tubular structure from the one-dimensional (1-D) tree that
contains the information about the skeleton and diameters of branches. The 1-D tree
of the central airway can be extracted from a 3-D image, e.g., computed tomography
(CT) image. The volume-filling technique[81] can generate anatomically-consistent
1-D trees of peripheral airway that cannot be resolved by CT scanning.

The CL-based models have been applied to visualizing and analyzing blood
vessel trees. To visualize the surface of vascular structures around liver, brain,
and heart, researchers have used a piecewise smooth subdivision surface generator
that smooths an intermediate “base mesh” constructed with a recursive branching-
construction procedure[25, 85, 92]. This method provides smooth and topologically
correct surface meshes of n-furcation branching tubular structures using their 1-D
trees, but the surface meshes were not used for numerical simulations of blood flow

and blood vessel structure. To analyze vascular structures, Zhang et al.[96] used
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hexahedral solid NURBS (Non-Uniform Rational B-Splines). In their process called
vascular modeling pipeline, a variety of smooth n-furcation branching tubular struc-
tures are reconstructed with appropriate cross-section and branching templates for
each mapped meshable region, and each circular cross-section is projected onto the
image-based geometry for more realistic non-circular cross-section. However, the al-
gorithm for automatic selection of appropriate templates was not presented.

The CL-based models have been also applied to constructing airway geometry.
A number of CL-based models of symmetric airway trees with one or two generations
have been used, but they do not capture the asymmetric nature of the human airway
trees[40]. Several CL-based models of asymmetric airway trees with more than a
few generations have been constructed from the 1-D trees (e.g., [84, 31, 83, 88].
Some of these 1-D trees were based on the “average” anatomical models proposed by
Horsfield et al.[40] and Yeh and Schum[94]. These asymmetric models, however, do
not account for inter-subject variability, which is an important step toward individual
medicine. The subject-specific models are typically built manually from image data
with image-processing tools. The CL-based modeling of airway trees (e.g., [80]) aims
to automatically construct the 3-D airway geometries that incorporate subject-specific
skeleton and branch diameters.

Marchandise et al.[61] developed a method to automatically construct image-
based geometries using surface geometry as input, but one cannot use their method
to create the surface geometry of artificial 1-D trees, e.g., for the region unresolved by

CT. Lin et al.[55] presented the computational framework to automatically construct
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the subject-specific CL-based geometry extending from the glottis to terminal bron-
chioles for computational fluid dynamics (CFD) analysis of pulmonary airflow. This
geometry includes the anatomically-consistent artificial 1-D tree of the branches that
cannot be resolved by CT for investigation of the “paths of interest”. This model does
not account for trifurcations, which can be found in the central airway of the human
lung (e.g., [2, 99]). Therefore, the objective of this study is to develop an algorithm
that can automatically construct 3-D geometric models of airway trifurcations in the
human lung using the 1-D tree as input.

In this study, we extended the existing CL-based model[80] to account for
trifurcations. In the existing model, the cross-section of a non-branching segment is
defined by four “ring nodes”, and the cross-section of a bifurcation is defined by the
four ring nodes and one “crux node” responsible for the geometry around a carina, i.e.,
five nodes. As the existing model constructs a bifurcation by adding one crux node
to a non-branching segment, the new model should be able to construct a trifurcation
by adding another crux node, “left” or “right crux node”, to one of the two child
branches at the bifurcation. Furthermore, the new model can avoid intersection and
twist of surfaces by using the additional crux node in two ways, resulting in two
types of trifurcations (“fork-type” and “tripod-type”) as explained later. Therefore,
it is expected that the new model can automatically reconstruct the geometry of
trifurcations whose overall geometric feature is captured in the framework of the
existing bifurcation model.

This chapter is organized as follows. First, we describe the details of the CL-
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based model: (i) segmentation to obtain the CT-based model, (ii) skeletonization to
extract 1-D tree from the CT-based model, and (iii) geometry reconstruction to create
the CL-based model. Second, we compare the CL-based model with the correspond-
ing C'T-based model. Finally, we discuss the characteristics, quality, and potential

improvement of the new CL-based model.

3.2 Methods

The 3-D CL-based geometric airway model of the human lung consists of
branches; a branch is surrounded by four quadrilateral curved surfaces; a quadrilat-
eral curved surface is defined by four curves; and a curve is defined by two control
nodes (CNs). At a CN the direction of the curves connected to the CN is defined in
addition to the location of the CN. An end of the branch is defined by four curves con-
necting four CNs called ring nodes. If the branch has one, two, or three child branches
(at straight airway, bifurcation, trifurcation), the bottom of the parent branch needs
to have one, two, or three sets of ring nodes, respectively, to which the child branches
are attached. One, two, and three sets of ring nodes can be defined by four, five, and
six CNs, respectively, and there are two ways to define three sets of ring nodes using
six CNs. The CNs are obtained by mapping the “generic CNs” that are defined in
the local coordinate system aligned with the branch. The local coordinate system is
defined by the skeleton. The original skeleton can contain straight airways, bifurca-
tions, and trifurcations. If two consecutive bifurcations are very close to each other,

the double bifurcation is considered as single trifurcations. The original and added
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trifurcations are called intrinsic and extrinsic trifurcations. To avoid the surfaces in-
tersecting each other or twisted, the trifurcations need to be classified into at least
two types.

We constructed the CL-based model, following three main steps: generation
of 1-D tree, CNs, and 3-D geometry. First, we extracted a 1-D tree from CT lung
volume image data. Second, we used the 1-D tree to generate the CNs. Third, we
used the CNs to create the curves and surfaces of the CL-based model. The second
step includes the main difference between the existing and proposed algorithms, and
this section is mainly devoted to the explanation of the second step. The second
step consists of five sub-steps: definition of coordinate systems, definition of CNs for
straight airways, definition of CNs for bifurcations, identification and classification of

trifurcations, and definition of CNs for trifurcations.

3.2.1 Healthy and Severe Asthmatic Subjects

To develop the CL-based model, we used the CT images of 25 healthy and
severe asthmatic (SA) subjects: 1 healthy subject acquired through the Biomedical
Research Partnership (BRP) study and investigated in previous studies[14, 63, 95]),
and 8 healthy and 16 SA subjects randomly selected from the data set acquired
through the Severe Asthmatic Research Program (SARP). The Institutional Review
Board at the University of lowa and the University of Pittsburg approved the associ-
ated human studies along with the imaging protocol. We used the SARP subjects to

determine the parameters for identification and classification of trifurcations, and the
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BRP subject to discuss the error in the CL-based model and to create the geometry

of the airways that are not resolved by CT.

3.2.2 1-D Tree

We extracted (segmented) the 3-D airway geometry from the CT image data,
and we skeletonized the C'T-based geometry to obtain the 1-D tree by using a commer-
cial software package Apollo (VIDA). We extended the 1-D tree from the resolution
limit of the CT images to the end of conducting airways by applying the volume-
filling method[81] to the original 1-D tree. As a result, we obtained the 1-D tree
extending from the trachea to the end of conducting airways. The 1-D tree needs to
extend from the trachea to glottis when gas flow is simulated to account for the laryn-
geal jet[54, 13]. The 1-D tree data obtained with Apollo includes the coordinates of
branching points, average diameter of branches, and generation number of branches.
Apollo uses the thinning algorithm proposed by Paldgyi et al.[68] to obtain the 1-D
tree. The volume-filling method does not create trifurcations, so the generated 1-D

tree does not include intrinsic trifurcations.

3.2.3 Coordinate System
A skeleton consists of centerline nodes (CLNs) and CLs, which connect the
CLNs; and each branch consists of two CLNs and one CL in the CL-based model.
The direction of CL is positive in the direction of increasing airway generation. We
used the CLNs and CLs to map the generic CNs by translation and rotation. Two

CNs can define a curve by specifying the directions of the curve, e.g., cubic Hermite
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spline function[26], and four curves can define quadrilateral surface elements. The
number of generic CNs should be minimized to reduce the complexity of the model.
The generic CNs need to be mapped not only to avoid the surfaces intersecting each
other but also to minimize the twist of the surface elements.

The generic CNs are defined in the local coordinate system in each branch,
called branch coordinate system (oxyz), and they were mapped to the global coor-
dinate system (OXY Z) by rotation and translation. The origin of oxyz is the first
CLN of the branch (Figure 3.1). The direction of z-axis is the same as the direction
of the branch CL. The directions of x- and y-axes are defined to minimize the twist
of the surface elements. To minimize the twist, we determined the direction of y-axis
using the directions of the bifurcations around the branch. If the segment is not a
child branch of the previous bifurcation, e.g., the trachea, the nearest bifurcation in
positive CL direction was used (Figure 3.1b). If the segment is a child branch of the
previous bifurcation as well as the parent branch of the following bifurcation, which
is the case for most of the segments, both bifurcations were used (Figure 3.1c). If
there is no bifurcation in the positive CL direction, i.e., ending branches, the nearest
bifurcation in negative CL direction was used (Figure 3.1b). The method to obtain

bifurcation directions is explained in Appendix A.1.

3.2.4 CNs for Straight Airways
The ending branches are straight airways, which have zero or one child branch.

The generic CNs for a straight airway consist of four ring nodes: right, front, left,
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(b) (©)

Figure 3.1: (a) The definition of global (OXY Z) and branch (ozxyz) coordinate sys-
tems. The bifurcations that are used to determine the direction of y-axis at (b) a
branch that does not have neighboring bifurcations in negative centerline (CL) di-
rection (red), a branch that does not have neighboring bifurcations in positive CL
direction (blue), and (c) a branch that have neighboring bifurcations in both negative

and positive CL directions (black).

and back nodes (Figure 3.2). The (x, y)-coordinates of the four ring nodes are (R, 0),
(0, R), (R,0), and (0, R), respectively, where R is the branch radius. The z-coordinate
of the ring nodes is 0 or L around the first or second CLNs, respectively, where L is
the length of the segment. The two nearest ring nodes, e.g., right and front nodes,
are connected with an s;-curve, i.e., there are four s;-curves around each CLN and
eight s;-curves in each branch (Figure 3.2a). A ring node around the first CLN is
connected to the nearest ring node around the second CLN by an ss-curve, i.e., there
are four so-curves in each branch (Figure 3.2a). Two sj-curves and two sp-curves
compose a quadrilateral surface element, i.e., there are four surface elements in each

branch (Figure 3.2a). The method to obtain the directions of s1- and sg-curves is
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Figure 3.2: The generic control nodes (CNs) for a (a) straight airway, (b) bifurcation,
(c) fork-type trifurcation, and (d) tripod-type trifurcation. The larger black nodes
indicate the generic CNs of interest, and r, f, [, b, ¢, and ¢; denotes right, front, left,
back, crux, and left crux nodes, respectively. The solid and dashed curves are s;- and
sg-curves, respectively. The left child branch was replaced with its child branches to
form the trifurcations (c¢) and (d). The arrows labeled with z, y, and z indicate the

positive directions of the x-, y-, and z-axes in the first segment of each geometry.

explained in Appendix A.2.

3.2.5  CNs for Bifurcations
Most of the branches are bifurcations, which have two child branches. The
generic CNs for a bifurcation consist of four ring nodes and one crux node, which
defines the geometry around the carina of the bifurcation (Figure 3.2b). The (z,
y)-coordinates of the ring nodes are the same as those for the straight airway except
for that R is defined as R = 0.5[R, + maz (R.1, Re2)], where R, is the radius of

the parent branch and R, is the radius of the i*" child branch. Tawhai et al.[80]
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empirically obtained this formula. The z-coordinate of front and back nodes are the
same as those for the straight airway, while the z-coordinate of right (left) node is the
minimum of L and the one at the intersection of parent and right (left) child branch
assuming both branches are cylindrical. The (X, Y, Z)-coordinates of the crux node
is the one at the intersection of the child branches assuming they are cylindrical.
The ring nodes around the first CLN of a child branch correspond to one of
the two sets of ring nodes around the second CLN of the parent branch: right-front-
crux-back (right) and crux-front-left-back (left) rings (Figure 3.2b). The two child
branches were connected to the two rings of the parent branch in a way that avoids
the intersection of the child branches. The ring nodes around the first and second
CLN of each child branch were connected in a way that minimizes the twist of surface
elements. The surface elements are not twisted (sy-curves are ideal) in Figure 3.2b
because the child branches are not bifurcations. The method to obtain the directions

of s1- and sy-curves (Figures 3.3a-3.3¢) is explained in Appendix A.3.

3.2.6 Identification and Classification of Trifurcations
Trifurcations can be hidden among the bifurcations of 1-D trees. At a bifur-
cation one of the child branches can be so short in 1-D tree that the branch can be
included in the following bifurcation in the corresponding 3-D geometry. In this case,
the short child branch was replaced with its child branches, i.e., grandchild branches,
to form an extrinsic trifurcation. We judged whether the child branch is short or not

using the ratio of the distance between the crux node and the cross-section at the
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Figure 3.3: The versions of directions of s;-curves at the (a) front, (b) left, and (c)
crux nodes for a bifurcation, and at the (d) front node of a fork-type trifurcation
and (e) left node of a tripod-type trifurcation. The black node indicates the node of
interest. The Roman number denotes the index of a surface element, and the Arabic
number denotes the index of a version. The solid and dashed curves are s;- and
sg-curves, respectively, and the solid and dashed arrows indicate the directions of the

s1- and sg-curves, respectively.
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second CLN of the child branch (L) to the radius of the child branch (R), i.e., L'/R
(Figure 3.4a). If L'/R is zero or negative, the branch is completely included in the
following bifurcation. If L'/R is positive but small, the quality of resulting surface
is not good (Figure 3.4b). We empirically found the threshold value for L'/R. If
both child branches are short or consecutive child and grandchild branches are short,
our trifurcation model cannot be used. Intrinsic trifurcations can be considered as
a special type of extrinsic trifurcations whose L is zero. An intrinsic trifurcation
was converted to double bifurcation by inserting a short dummy branch, which was
eventually removed by applying the criterion to make extrinsic trifurcation.

We classified trifurcations into two types by topology. We extended the bi-
furcation model to a trifurcation model by splitting one of the child branches into
left and right child branches (fork-type) (Figure 3.2c). We found that the surfaces of
child branches intersect each other or they are severely twisted at some trifurcations
where three child branches are far from coplanar. Therefore, we constructed another
type of trifurcation model by splitting one of the child branches into front and back
child branches (tripod-type) (Figure 3.2d). We quantified the difference between the
two topologies using the angles between child branches: rg123 = 6013/ (612 + 023), where
012, 013, and By3, where 0y is the angle between the £ and [*! child branches (Figures
3.5a-3.5b). At an intrinsic trifurcation, the order of child branches is defined as de-
scribed in Appendix A.1. At an extrinsic trifurcation, the original child branch that
has not been replaced is the first child branch, and the original grandchild branch

that is closer to the first child branch by angle is the second child branch (Figure
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Figure 3.4: (a) The definition of parameters used to identify trifurcations, and (b)
the trifurcations when a left child branch is too short. (c) The histogram of L'/R,
and the child branches corresponding to (d) negative L'/R (= —0.37), (e) L'/R (=
0.24) below 0.6, and (f) L'/R (= 0.95) above 0.6. In (a) and (b), solid lines are the
airway walls, and the dash-dotted lines are the centerlines. In (a) node c is crux node,
and L is the length of the left branch, L’ is the distance between the crux node and
the cross-section at the second centerline node (CLN) of the left child branch, and
R is the radius of the left child branch. In (b) dotted lines are the airway walls of
the original bifurcation, and 1-3 show the order of child branches at the trifurcation.
In (c) the number density is based on 921 central branches in 24 SARP subjects. In

(d)-(f), the red spheres and lines show the location of CLNs and centerlines (CLs) of
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Figure 3.5: The definition of parameters used to classify trifurcations looking from (a)
an arbitrary direction and (b) a direction parallel to the plane defined by the first and
third child branches. (c¢) The histogram of 79153, and the trifurcations corresponding
to (d) 79123 (= 0.61) below 0.82 and (e) rp23 (= 0.89) above 0.82 looking from a
direction parallel to the plane defined by the first and third child branches. 6y, is
the angle between k™ and I'® child branches. 79123 = 613/ (012 + 023) of 1.0 and
0.5 correspond to perfect fork- and tripod-type trifurcations, respectively. In (a)-(b)
and (d)-(e), black and red lines show the centerline of parent and child branches,
respectively, and 1-3 show the order of child branches at the trifurcations. In (c), the

number density is based on 83 trifurcations in 24 SARP subjects.

3.4b). If rp195 is 1.0, the three child branches are coplanar to form a perfect fork-type

trifurcation. If 015 = 093 = 013, 79123 = 0.5 and the branching is a perfect tripod-type

trifurcation.
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3.2.7 CNs for Trifurcations

The generic CNs for a trifurcation consist of four ring nodes and two crux
nodes, i.e., the crux node for the bifurcation and right or left crux (second crux)
node. The second crux node can be used in two ways to construct the two types of
trifurcations. One of the two sets of ring nodes around the second CLN of the parent
branch can be split into two sets of ring nodes in two ways by using the second crux
node. For example, if the left child branch is too short and is replaced with its child
branches, the second crux node is the left crux node. If the trifurcation is fork-type
(Figure 3.2¢), the left ring around the second CLN of the parent branch, crux-front-
left-back nodes, is split into left crux-front-left-back and crux-front-left crux-back
nodes, to which left-left and left-right child branches are attached, respectively. If
the trifurcation is tripod-type (Figure 3.2d), the left ring of the parent branch is split
into crux-front-left-left crux and crux-left crux-left-back rings, to which left-front and
left-back child branches are attached, respectively.

We determined the coordinates of the CNs for trifurcations in a similar way
to bifurcations. The coordinates of the ring nodes are basically the same as those for
the bifurcation, but not the crux nodes. For a fork-type trifurcation, we determined
the coordinates of the two crux nodes using the two nearest child branches, assuming
they are cylindrical. For a tripod-type trifurcation, whose child branches are right,
left-front, and left-back child branches, we determined the coordinates of the left crux
node by using the left-front and left-back child branches, and the coordinates of the

crux node is the average of the two intersections: the one between right and left-front
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child branches and the one between right and left-back child branches. The method to
obtain the directions of s;- and sy-curves (Figures 3.3d-3.3e) is explained in Appendix

A4

3.2.8 Summary of CNs

We determined the coordinates of the CNs and the directions of s-curves in
OXY Z by rotation and translation of oxyz. First, we determined the coordinates of
the ring nodes and the directions of s-curves at the ring nodes in oxyz, and we mapped
them to the branch in OXY Z by rotation and translation. Second, we determined
the coordinates of the crux nodes in OXY Z by using the information about the child
branches. Third, the directions of s-curves at some CNs were improved or determined
for ring nodes or crux nodes, respectively, in OXY Z by using the coordinates of the

CNs and the directions of child branches.

3.2.9 Construction of 3-D Model

We constructed the 3-D geometry, s-curves and surface elements, using the
node and surface element information. The node information consists of the coordi-
nates and the directions of s-curves at the CNs, and the surface element information
consists of element connectivity in terms of node indices and s-curve versions. In this
study, the curves and surfaces are defined by the spline curves and ruled surfaces on
an open source program Gmsh[32]). We added three CNs to each s-curve to draw the
spline curve on Gmsh using cubic Hermite spline function[26]). The coordinates of

the CNs including the additional ones, s-curve connectivity, and surface element con-
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nectivity are the input data required for Gmsh to construct the geometry. It should
be noted that we replaced the information about the s-curve directions with the addi-
tional CNs on the curves, i.e., we discretized the continuous s-curves with additional
CNs. We determined the optimum number of additional CNs by minimizing the data

size and by maximizing the smoothness of the curve.

3.3 Results
3.3.1 Identification and Classification of Trifurcations

We applied the CL-based model to 24 SARP subjects to empirically deter-
mine the threshold values for L'/ R and rg123, which are used to identify and classify
trifurcations, respectively. The threshold value for L'/R was 0.60 based on visual
inspection of the CT-based geometry of 921 central branches in 8 healthy and 16
severe asthmatic (SA) SARP subjects (Figure 3.4c). This means that the extrinsic
trifurcation in this model is defined as the bifurcation where one of the child branches
has L'/R of less than 0.60. For instance, we judged that the child branches in Fig-
ures 3.4d (L'/R = 0.37) and (e) (L'/R = 0.24) are short and that the child branch
in Figure 3.4f (L'/R = 0.95) is not short. We used this criterion to find 83 trifurca-
tions, 2 quadfurcations (four child branches) and 1 pentfurcation (five child branches).
The number of quadfurcations and pentfurcations were rare (< 5%) compared to the
number of the trifurcations. The threshold value for rg;23 was 0.82 based on visual
inspection of 83 trifurcations in the 24 subjects (Figure 3.5¢). For instance, we judged

that the trifurcations in Figure 3.5d (7123 = 0.61) and (e) (rg23 = 0.89) should be
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tripod-type and fork-type trifurcations, respectively, to minimize the twist of surface
elements.

Trifurcations were uniformly distributed in central branches. We identified
the extrinsic trifurcations in the central airways of the 24 SARP subjects using the
criterion: L'/R < 0.60. Every subject had at least one trifurcation, and the average
number of trifurcations was 3.5 per subject: 1.4 fork-type and 2.1 tripod-type trifur-
cations. There was at least one branching point with more than two child branches
in every lobe (Figure 3.6a). More than 50% of the subjects had trifurcations be-
tween the second- and third-generation branches in right lung, and more than 30% of
the subjects had trifurcations between the third- and fourth-generation branches in
left lung (Figure 3.6a). There was a fork-type trifurcation before right intermediate
bronchus in 46% of the subjects (Figure 3.6b). There was a tripod-type trifurcation
at right upper lobar bronchus in 79% of the subjects, and there was a tripod-type

trifurcation at left upper division bronchus in 46% of the subjects (Figure 3.6¢).

3.3.2 Trifurcations in Proximal Region
We applied the CL-based model to the BRP subject to compare the CL- and
CT-based models. There were five intrinsic trifurcations in the 1-D tree. It took
a few seconds to automatically reconstruct the 3-D CL-based geometry using the
1-D tree of the BRP subject. Based on the definition of trifurcations (Figure 3.4),
we found two extrinsic trifurcations and one extrinsic quadfurcation. The narrowest

child branch of the quadfurcation was removed to make a trifurcation because our CL-
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(a) Subjects (b)) | Subjects (¢) Subjects
W 4-10% W 4-10% (W 4-10%
M 10-30% | M 10-30% M 10-30%
M 30-50% M 30-50% M 30-50%
M 50-88% | | 50-88% ‘ M 50-88%

Figure 3.6: The distribution of (a) branching points with more than two child branches
(including 2 quadfurcations and 1 pentfurcation), (b) fork-type trifurcations, and (c)

tripod-type trifurcations in central branches in 24 SARP subjects.

based model does not account for qudfurcations. This trifurcation is not included in
the analysis hereafter. The criterion to classify the trifurcations was applied to the six
trifurcations, and two and four trifurcations were classified as fork- and tripod-type
trifurcations, respectively (Figures 3.7).

The tripod-type trifurcations in the CL-based geometry were overall consistent
with those in the CT-based geometry. At the tripod-type trifurcation in RUL (Figures
3.7¢-3.7d), the directions of airways and the diameters at the end of child branches
were consistent between the CL- and CT-based models. Intersections and severe
twist of surfaces were not found in the child branches. The parent branch in the
CT-based geometry was thicker than that in the CL-based geometry, because the

cross-section in the former was elliptical rather than cylindrical as in the latter. The
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Figure 3.7: The (a) computed tomography (CT)- and (b) centerline (CL)-based geo-
metric models of trifurcations. d is the radial distance between the surfaces in CT-

and CL-based models, and R is the branch radius.
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carina in the CT-based geometry was larger and smoother than that in the CL-based
geometry. This is because the crux node was determined with the assumption that
child branches are cylindrical.

The overall geometric features of fork-type trifurcations in the CT-based ge-
ometry was also captured in the CL-based geometry. At the fork-type trifurcation
in LLL (Figures 3.7k-3.71), the angles between airways and the diameters at the end
of airways in the CL-based geometry were consistent with those in the CT-based ge-
ometry. The surfaces were not intersecting each other, and there was no severe twist
of surfaces. The diameter of the left most child branch near the branching point in
the CL-based geometry was larger than that in the CT-based geometry, and the local
constriction of the middle child branch in the CT-based geometry was not captured
in the CL-based geometry. This is attributed to that each branch was defined by the
cross-sections at both ends.

We tried to quantify the difference between the CL- and CT-based models
by measuring the distance between the two surfaces. It was difficult to measure the
distance because the CL was not straight in many of the branches in the CT-based
model. Nevertheless, we tried to measure the radial distance between the two surfaces,
and normalized the radial distance by branch radius. The average normalized radial
distance for the entire airway was about 0.25, i.e., on average the radial distance in
a branch was about 25% of radius. The radial distance was large near the carina
at the tripod-type trifurcations in RUL (Figure 3.7¢-3.7d) and at the middle of left

most child branches at the fork-type trifurcations in LLL (Figure 3.7k-3.71), which is
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consistent with the results from the qualitative comparison. The average normalized
radial distance for the child branches were 0.30 and 0.52 at the tripod-type trifurcation

in RUL and the fork-type trifurcation in LLL, respectively.

3.3.3 Trifurcations in Peripheral Region

We used the CL-based model to construct the 3-D geometry of the branches
from the trachea to the end of terminal bronchioles. We applied the volume filling
method to the 1-D tree of the CT-resolved branches for the BRP subject to generate
the 1-D tree of the conducting airways that were not resolved by CT (Figure 3.8a).
To clearly show the CL-based model of the CT-resolved and generated branches, we
selected the paths to every lobe (Figure 3.8b). The highest generation in the paths
to LUL, LLL, RUL, RML, and RLL were 18, 19, 16, 22, and 16, respectively. The
maximum generation number of the conducting airway was larger than the maximum
number of 16 in Weibel’s model[90] along the paths to LUL, LLL, and RML, but it
should vary depending on the path and subject. We used the extracted and generated
1-D tree to automatically reconstruct the CL-based model of the selected branches
in every lobe (Figure 3.8b). There were four short child branches in the generated

branches, so the generated branches included four trifurcations.

3.4 Discussion
3.4.1 'Trifurcations in Human Lung
Trifurcations were found in the central branches of the human lung. We found

at least one trifurcation in every subject considered, while trifurcations have not been
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Figure 3.8: The paths of interest in conducting region: (a) 1-D tree, (b) CL-based
geometry. In (a), red lines indicates the centerlines of the paths of interest. In (b),
the centerlines of the red airways were artificially generated using the volume filling

method[81].

considered in the previous studies that used the geometric model of the human lung
with more than a few generations (e.g., [84, 31, 83, 88]). In the present study we
found trifurcations at left upper division bronchus, left lower lobar bronchus, right
upper lobar bronchus, and before intermediate bronchus, in 46%, 33%, 88%, and
50% of the 24 healthy and SA SARP subjects considered, respectively. This means
that it was not possible to create the 3-D airway geometry of central branches in
these subjects without using the trifurcation model. Furthermore, if a geometric
model does not account for trifurcations in the central airways, the higher generation
airways attached to the trifurcations cannot be included in the model. We also found
that artificial higher-generation branches selected in this study included short child

branches to form trifurcations. Therefore, trifurcation model is crucial to create the
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geometric model of branches not only in proximal region but also peripheral regions.

The results is the present study overall agrees with a previous study. We
found trifurcation at the left upper division bronchus in 25% (2/8) of the healthy
SARP subjects considered, which agrees well with the observation by Boyden[7] and
Zhao et al.[99] who found trifurcation at the same branch in 27% (27/100) and 23%
(50/216) of the subjects, respectively. We found trifurcations at the left lower lobar
bronchus in 38% (3/8) of the healthy SARP subjects considered, while Zhao et al.[99]
found trifurcation in the same region in 18% (39/216) of the subjects. We found
trifurcation at the right upper bronchus in 88% (7/8) of the healthy SARP subjects
considered, while Boyden[7] found trifurcation in the same region in 46% (23/50) of
the subjects. The difference between the present study and the previous studies may
be caused by the criteria to define trifurcations and the number of subjects considered.
Both the present and previous studies agree on that right upper lobar bronchus, left
upper division bronchus, and left lower lobar bronchus are the preferential locations
of trifurcations among the central branches. We did not find the abnormal branches

at the first branching[2].

3.4.2 Trifurcation in CL-based Model
We classified the trifurcations in the airway tree of the human lung. To avoid
the surfaces intersecting each other or twisted, we classified the trifurcations into
at least two types by topology: fork- and tripod-type trifurcations. At fork-type

trifurcations, three child branches were close to coplanar, but they are not at the
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tripod-type trifurcations. We quantified the topological difference using the angles
between three child branches, and we empirically determined the threshold value to
classify the two types of trifurcations. This classification is different from that by Zhao
et al.[99] who classified the branching patterns by combination of child branches. The
topology of fork- and tripod-type trifurcations are similar to that of the particular
Type II branching patterns in LLL and LUL whose geometries are shown in their
paper, respectively, but this does not mean the classifications in this paper and Zhao
et al.[99] are interchangeable. The overall geometric features of trifurcations in the
CL-based geometry were consistent with those in the CT-based geometry. We needed
at least two types of trifurcations to reconstruct the overall geometrically consistent
trifurcations in the central branches of healthy and SA subjects.

We quantitatively defined the extrinsic trifurcation hidden in a 1-D tree. In
a 1-D tree there can be any bifurcations, but some double bifurcations have to be
considered as trifurcations in 3-D geometry because the airway has diameter. When
a child branch of a bifurcation in the 1-D tree was too short, the double bifurcation
(the bifurcation and following bifurcation) was converted to an extrinsic trifurcation.
The extrinsic trifurcation is empirically defined as the bifurcation where directional
distance from the carina to the end of child branch is smaller than 60% of its radius in-
cluding negative distance. The reconstructed bifurcations and extrinsic trifurcations
captured overall geometric features of the central branches in the CT-based geome-
try. The criterion to identify the extrinsic trifurcations hidden in the 1-D tree was

empirically found to reconstruct the overall geometrically consistent central airway
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tree of a healthy subject.

We quantified the difference between the CL- and CT-based geometry. The
objective of this study is to include trifurcations in the CL-based model for 3-D
visualization of 1-D trees, rather than developing the most accurate geometric model.
However, we estimated the geometric error in the CL-based model so that we can
compare it with the errors in more accurate models in the future. The average
normalized radial distance between the central branches of the CL- and CT-based
models was about 0.25, and 0.37 for the child branches of trifurcations. The error in
the CL-based model seems large, but we think they are reasonable because the CL is

straight and radius is nearly uniform in each branch of the CL-based model.

3.4.3 Potential Improvements

The proposed geometric model can be improved in several ways. The 3-D
geometry reconstructed in this study captures overall geometric features of 3-D ge-
ometry for 3-D visualization of 1-D trees, but the geometry needed to be refined
when the geometry is used for, e.g., numerical simulation of aerosol distribution in
the human lung. The glottis needs to be attached above the trachea to reproduce
the laryngeal jet, and airway cross-section should be modified using the CT-images
to obtain non-circular cross-sections (hybrid CL-CT-based geometry). If the airway
with non-circular cross-section is split into multiple sub-segments, sub-segment scale
geometric features, e.g., bend and constriction, can be captured and the transition be-

tween parent and child branches becomes smoother. The proposed trifurcation model
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can be extended to quadfurcation model by splitting another child branch into two.
The thinning algorithm proposed by Paldgyi|[68] produces a significantly smaller num-
ber of spurious branches compared to the other methods, but some spurious branches
still need to be removed manually to obtain the 1-D tree. The whole procedure to
reconstruct a 3-D CL-based geometric model from CT images will be more efficient

if the skeletonization becomes more accurate.
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CHAPTER 4
AUTOMATIC MESHING OF IMAGE-BASED HUMAN AIRWAY
MODELS FOR NUMERICAL SIMULATION OF DRUG DELIVERY

4.1 Introduction

A better understanding of the regional distribution of aerosols in the human
lung helps to improve targeted delivery of pharmaceutical drugs to the regions of
interest in aerosol therapy[6]. Numerical (in silico) models based on computational
fluid dynamics (CFD) are commonly used for the study of pulmonary aerosol delivery
with different subjects, body postures, breathing patterns, carrier gases, inhalers, and
aerosol types. Subject-specific airway geometry for CFD is essential to account for
inter-subject variability. However, it is time-consuming to pre-process image-based
geometry and post-process the gas-flow and aerosol data obtained from the simula-
tions, because airway geometry is complex. The pre-process includes construction of
geometry, generation of a CFD mesh, and specification of boundary conditions. The
post-process mainly involves aerosol counting in the regions of interest, e.g., branches
in certain generation or lobe.

A number of researchers presented geometric airway models without describing
automated procedures for constructing the geometry (e.g., [84, 31, 83, 88]). Tawhai
et al.[80] proposed a method to automatically construct the three-dimensional (3-D)
geometry using the skeleton and diameters of branches in the one-dimensional (1-D)
tree. This 3-D geometry is a collection of branches corresponding to their respective

branches in the 1-D tree. Thus, we can use the anatomic information about the airway
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obtained from the 1-D tree such as branch connectivity and dimension to facilitate pre-
and post-process data. This method can represent the airway branch-scale geometry
(e.g., direction and diameter), although sub-branch-scale geometry (e.g., bend and
constriction) and diameter-scale geometry (e.g., cartilage rings) are simplified and
trifurcation geometry is not represented. Later we improved this method to account
for trifurcations (Chapter 3). However, these geometries have not been used for CFD
simulations of aerosol delivery in the human lung. Marchandise et al.[61] proposed a
method to automatically construct the geometry, but each sub-zone (patch) did not
correspond to each branch in the 1-D tree. As a result, the pre- and post-process
could be time-consuming.

The CFD mesh for the airway geometry has been manually generated with
mesh-generation programs in most of the previous studies (e.g., Lin et al.[54]), but
the mesh can be automatically generated. For example, in the CL-based geometric
model proposed by Tawhai et al.[80], each branch is represented by a cylinder-like
surface, which can define the volume for a 3-D CFD mesh. The optimal mesh size in
the volume can be roughly determined by the diameter and flow rate in the branch
(e.g., Yin et al.[95]). An open source mesh-generation program Gmsh|[32] can auto-
matically generate the mesh using the mesh size at control nodes (CNs) as input data.
Therefore, the 3-D airway geometry can be automatically discretized seamlessly from
the trachea to the terminal bronchioles. Furthermore, boundary conditions on the
top, bottom, and side wall surfaces of the cylinder-like volume can be systematically

specified. The objective of this study is to numerically predict the regional aerosol
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distribution in the human lung using the automatically constructed and meshed 3-D
human airway geometry.

For visualization purposes, airway models only need to capture branch-scale
geometric features, thus, CL-based cylinder-like geometry is sufficient (Chapter 3).
For aerosol simulations, however, sub-branch geometric features are important be-
cause aerosol transport is sensitive to flow structures in central airways, and flow
structures depend on local geometric features such as airway cross-sectional shape,
transition between a parent and child branches, airway bend, and constriction. To
make CL-based geometry more realistic, a hybrid CL-CT-based model can fit CL-
based geometry to CT-based geometry (e.g., [80, 96]). Glottal constriction is re-
sponsible for the unsteady and turbulent laryngeal jet, which plays important roles in
gas-flow and aerosol delivery in the human lung (e.g., [54, 13, 63]). Most of CT images
do not include the geometry of extrathoracic (mouth-larynx) region to reduce radia-
tion exposure, but the approximate laryngeal model can be developed from the data
in the literature, e.g., Cheng et al.[12] and Choi et al.[13], and CT images. Therefore,
we expect that the simulations with the airway geometry automatically constructed
and meshed with the hybrid model provide accurate regional aerosol distribution on
airway-branch scale.

The rest of the chapter is organized as follows. First, we describe technical
detail of the method to automatically construct and mesh image-based subject-specific
airway geometry. Second, we compare the prediction of aerosol deposition by the

CL-based and hybrid models with that of CT-based model. Finally, we discuss the
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performance, advantages, and potential improvements of the geometric model.

4.2 Methods

The numerical simulation of aerosol transport in the human lung consists of
four major steps: construction of geometric model, generation of CFD mesh, gas-
flow simulation, and aerosol simulation. We added the geometric laryngeal model to
the model proposed in Chapter 3, and we improved the CL-based model using CT
image to construct the hybrid CL-CT-based model. In the hybrid model the CL is
not straight and the cross-section is not circular and not uniform in each branch.
To automatically generate the CFD mesh, we used an open-source mesh-generation
program Gmsh[32]. To compute the mesh size in each cross-section, we used the local
flow rate. We extracted the boundary meshes for each branch to specify the boundary
conditions in the gas-flow simulation and to post-process the results from the aerosol
simulation. To use the geometric laryngeal model, we modified the inlet boundary
condition in the gas-flow simulation. We used the CL connectivity to efficiently post-

process the results from the aerosol simulation.

4.2.1 Geometric Human Airway Model
The CL-based geometric airway model proposed in Chapter 3 consists of
branches; the inner wall of each branch consists of four quadrilateral surfaces; each
quadrilateral surface is defined by the four curves (two s;-curves perpendicular to CL
and two so-curves parallel to CL); each curve is defined by two end nodes (location of

CNs and directions of s-curves at the CNs); the cross-section is defined by four CNs
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Figure 4.1: The definition of nodes, curves, and surfaces of the centerline-based geo-

metric airway model ([80], Chapter 3).

called ring nodes; the geometry of bifurcations or trifurcations is defined by one or
two more CNs called crux nodes, respectively; the CLs of neighboring branches are
connected at centerline nodes (CLNs); and each curve is discretized by adding three

more intermediate CNs (Figure 4.1).

4.2.2 3-D Hybrid CL-CT-based Model
We modified the CL-based model using CT image to construct the hybrid CL-
CT-based model. In the CL-based model, each branch is straight and its cross-section
is basically circular and uniform. To obtain non-straight branches, non-circular cross-
section, and non-uniform cross-section in the CT-resolved region, we fitted the CL-
based model to the CT image following the four main steps: (i) fit CLs, (ii) fit ring

nodes, (iii) fit right, left, and crux nodes, and (iv) fit intermediate CNs (Figure 4.2).
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We present the four steps below.

To fit CLs, we first inserted CLNs to make sub-branches, and then estimated
the location of inserted CLNs using CT image. A branch can be curved, and a part of
the straight CL can be even outside the branch (Figure 4.2a). To obtain the curved
CL, we inserted sub-branches whose aspect ratio is close to one, where aspect ratio is
defined as the ratio of length to diameter. The aspect ratio should not be too small so
that the cross-sections along a curved airway segment do not intersect each other. At
each CLN, we used the clustering algorithm DBSCAN (Density Based Spatial Clus-
tering of Applications with Noise)[24] to distinguish the triangular elements of the
CT-based airway surface around CLN from the elements around the CLNs of neigh-
boring branches. The extracted surface elements are used to estimate the location of
fitted CLN. The resulting geometric model with curved CL and circular cross-section
is called the uniform hybrid CL-CT-based model.

To fit ring nodes, we used the fitted CLNs. Since surface fitting requires fitting
direction, we used the fitted CLNs and the ring nodes in the uniform hybrid model
to obtain the fitting direction (Figure 4.2b). The ring nodes can be used to obtain
non-circular cross-section. The location of a fitted ring node is the intersection of
the CT-based surface and the line defined by the fitted CLN and the ring node in
the uniform hybrid model. The direction of s;-curves at the fitted ring node is the
direction in the uniform hybrid model projected on the plane whose normal vector is
the average normal vector of four triangular elements around the fitted ring node.

To fit right, left, and crux nodes at bifurcations and trifurcations, we searched
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(b)

(d)

Figure 4.2: The fitting of (a) centerline nodes (CLNs), (b) ring nodes, (c) right, left,

and crux nodes, and (d) intermediate control nodes (CNs) to computed tomography

(CT)-based geometry. “r”, “f”, “I”, “b”, and “c” are the right, front, left, back,

and crux nodes. The black dash-dotted lines and solid curves show centerlines and
inner wall, respectively. The black dashed lines and curves show the geometry before
fitting. The solid and dash-dotted red curves show partially and fully fitted geometry,

respectively, and the arrows show the fitting directions.
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for the point on the CT-based surface closest to the fitted CLN. For example, by def-
inition, a crux node is always located between two child branches, so the directions of
the two child branches can be used to find the crux node (Figure 4.2¢). For explana-
tion purposes, there are four searching directions in Figure 4.2¢, but actual number
of searching directions is larger than the number of triangular elements between the
two child branches. For example, to find the searching directions for the right node,
we used the direction of the right child branch and the direction of the parent branch
projected on the plane defined by the two child branches (Figure 4.2¢c).

To fit the intermediate CNs, we used the fitted CLN and ring nodes. In
Chapter 3, we discretized an s-curve with three intermediate CNs to draw the s-curve
on Gmsh[32] (Figure 4.2d). The intermediate CNs can be used to further improve
the quality of the hybrid CL-CT-based model. The location of a fitted intermediate
CN on an sj-curve is the intersection of the CT-based surface and the line defined
by the fitted CLN and the original intermediate CN. To fit an intermediate CN on
an sp-curve, we used the original intermediate CN projected on the fitted CL. The
resulting geometric model with curved CL and non-circular cross-section is called the

non-uniform hybrid CL-CT-based model.

4.2.3 Geometric Laryngeal Model
We extended the 1-D tree from the trachea to larynx using the information
about the trachea. CT data usually do not include the region above the trachea

because of the negative effect of CT scan on the subjects. From the fluid mechanical
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L, =8.64D,,
D,, =0.677D;,
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Figure 4.3: The definition and the values of the parameters to construct the geometric
laryngeal model. The hydraulic diameter of the trachea Dy, ;, the location of the glottis
Ly, the (hydraulic) diameter at the glottis Dy, 4, the (hydraulic) diameter above the
glottis Dj, 4, the length of upper part of the glottis [,,, and the length of lower part

of the glottis Ig.

point of view, glottal constriction plays a crucial role in creating turbulent laryngeal
jet during inhalation[54, 63]. Therefore, the geometry around the larynx needs to be
artificially generated. The geometry of larynx obviously varies subject to subject, so
our goal is to make an approximate laryngeal model that can create realistic level of
turbulence in the trachea. We modeled the geometry of larynx using five parameters:
location of the glottis Ly, (hydraulic) diameter at the glottis Dy, 4, (hydraulic) diam-
eter above the glottis Dy, 4, length of the larynx above the glottis [y, and length of
the larynx below the glottis ly (Figure 4.3). We normalized the five parameters with
the hydraulic diameter of trachea Dy, e.g., Ly = Ly, /Dyt , so that the parameters
can be applied to different subjects in the future.

To empirically determine the five parameters, we used the data in the literature
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and the CT image of healthy subjects. We mainly used the data reported by Cheng
et al.[12] and the CT image of two healthy subjects. The Institutional Review Board
approved the associated human studies along with the imaging protocol. Cheng et
al.[12] did not report the inflation level, while the inflation level for the CT image of
the two healthy subjects were near total lung capacity. There is no precise definition
of the beginning of trachea, and CT image would not necessarily start from the
beginning of trachea even if there was such a definition. The nearest benchmark that
is included in most of CT images is the first bifurcation, so we empirically determined
the distance between the glottis and first bifurcation L;. Since Cheng et al.[12] did
not report the distance, we obtained the distance from the data reported by Choi et
al.[13]. We plotted the distribution of Dj around the larynx to empirically determine

Dy ,and Dj . and to empirically determine /7, and [7; by manually fitting the cubic

*

hgu @€ the ones determined earlier.

Hermite spline curve[26] provided Dj , and D

4.2.4 CFD Mesh Generation
We automatically generated the CFD mesh using Gmsh[32]. On Gmsh, mesh
size can be specified at each CN. Gmsh determines the mesh size on curves, on
surfaces, and in volumes interpolating mesh sizes at neighboring CNs. The Reynolds
number of the pulmonary flow is not very high (~ 1000-2000) in the trachea, so we
distributed the grid uniformly in the cross-section. The image registration of two
CT images can predict the flow rate in each branch[95]. We used the flow rate to

determine the mesh size so that the mesh size in every airway is similar to each other
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in terms of wall unit. To compute the mesh size in a cross-section of branch Dy, we

used the following equation:

D} D,
Ay =min | Ay | —L—, — 4.1
b ”””( t\/TQ,sz"(i)’ -y

where 4, is the mesh size in the trachea, D, is the trachea diameter, D, is the branch
diameter, and rg is the ratio of branch to trachea flow rate. Equation 4.1 is derived
in Appendix B assuming laminar flow, and we determined A; so that the mesh size
is comparable to the thickness of viscous sub-layer in the trachea, where flow is the
most turbulent. We also used about 30% smaller A;, but the predicted flow field and
aerosol deposition were not sensitive to A;. The mesh size A, is not greater than
D, /6 to guarantee the accuracy of the flow field.

We extracted the boundary and volume meshes for each airway to specify the
boundary conditions in the gas-flow simulation and to post-process the results from
the aerosol simulation. To have one volume for one branch, which makes it easy to
post-process the data from aerosol simulations, we merged sub-branch volumes. The
CFD mesh for each branch consists of top, bottom, and side boundary meshes and one
volume mesh. The top and bottom are internal boundary in most of branches, while
they can be external boundary in beginning and ending branches. To guarantee the
mesh consistency on the internal boundaries, we first generated the boundary mesh for
the whole geometric model using Gmsh. Then, we generated the volume mesh branch
by branch in parallel by running multiple Gmsh simultaneously. The resulting CFD
mesh for the whole geometric model consists of boundary and volume meshes for each

branch. It was easy to specify the boundary conditions in the gas-flow simulation and
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(a) (b)

Figure 4.4: (a) The surface of computed tomography (CT)-based model, (b) skeleton,

and (c) surface of non-uniform hybrid centerline(CL)-CT-based model.

to count the number of aerosols passing through the internal or external boundaries
for each segment in the aerosol simulation, because the boundary and volume meshes

are consistent with the branches in 1-D tree (Figure 4.4).

4.2.5 Gas Flow Simulation
To reproduce the air flow in the numerical human airway model, we used the
large eddy simulation (LES) model validated by Lin et al.[53] and Choi et al.[13]. For
comparison purposes, the breathing pattern was the same as that used by Miyawaki
et al.[63], i.e., steady inspiratory flow rate of 342 mL/s (~ 20 L/min) for a time period
of 2.16 sec. The Reynolds number at the trachea Re; was about 1300. We imposed a
turbulent flow above the glottis as explained later, the laminar parabolic flow at the

end of the model as in Yin et al.[95], and no-slip boundary condition on the airway

wall.
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4.2.6 Inlet Boundary Condition

We fed a homogeneous isotropic turbulent flow above the glottis to use the
approximate laryngeal model. The flow becomes turbulent in the oral cavity and the
time-averaged velocity profile is nearly uniform over the cross-section above the glottis
when the parabolic laminar flow is fed at the mouth piece[13]. It is known that the
turbulence of the flow upstream of a constriction greatly affects the characteristics of
the jet downstream of the constriction. A turbulent low with uniform time-averaged
velocity profile needs to be fed above the glottis if the geometric model does not
include the extrathoracic region. The geometry of the larynx was unknown and
approximated, so using isotropic turbulent flow is the best approximation.

To reproduce the homogeneous isotropic turbulent flow above the glottis, we
used the synthetic eddy method (SEM) proposed by Jarrin et al.[43]. The SEM is one
of the simplest methods to reproduce synthetic turbulent flows that have correlation
in time and space. The SEM does not require a 3-D turbulent flow field a priori, but
instead reproduces synthetic turbulence as simulations go at the inlet surface. The
only input parameters for the SEM are the length scale and Reynolds stress tensor of
the turbulent flow. The Reynolds stress tensor of a homogeneous isotropic turbulent
flow can be built using only turbulent intensity. Therefore, the SEM requires only the
length scale and intensity of homogeneous isotropic turbulence. According to Choi et
al.[13], the turbulent intensities above the glottis were 0.29 and 0.13 for Re; of 1300
and 440, respectively. Based on the results from a preliminary simulations with the

CT-based extrathoracic model used by Miyawaki et al.[63], the largest eddy size of
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turbulence above the glottis was approximately 8.0 and 4.3 mm, or 0.44 and 0.24 Dy, ,,
for Re;y of 1300 and 2800, respectively. In this study, we used the turbulent intensity

of 0.29 and turbulent length scale of 8.0 mm.

4.2.7 Aerosol Simulation

To simulate the aerosol transport in the numerical airway model, we used the
Lagrangian tracking algorithm validated by Miyawaki et al.[63]. Miyawaki et al.[63]
found the aerosols are well distributed over the cross-section above the glottis when air
was used as carrier gas. According to a preliminary study, 20 pum-aerosols deposited
most among 2.5, 5, 10, and 20 pm-aerosols in the central branches considered in
this study. We considered the oral deposition using the empirical curve proposed by
Grgic et al.[34] when determining the size of the aerosols that deposit most in the
central branches. In this study, we released 10,000 of 20-um aerosols uniformly over
the cross-section above the glottis. We updated the flow field every 0.006 sec and
released the aerosols 8 times with interval of 0.048 sec to account for the unsteady
nature of air flow as in Miyawaki et al.[63]. To evaluate the performance of the hybrid

model, we computed deposition efficiency (DE) for each branch:

DE = N/M, (4.2)

where M and N are the numbers of aerosols entered and deposited in the branch.
We used the side boundary mesh to compute N, and N and skeleton connectivity to
compute M by adding N of own branch and N of all the higher-generation branches

attached to own branch.
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4.3 Results
4.3.1 Aerosol Deposition

To compare the aerosol deposition predicted with different models, we per-
formed aerosol simulation using CL-based model, uniform hybrid model, and non-
uniform hybrid model. We can discuss the error in geometry and aerosol deposition
due to straight CL by comparing the CL-based and uniform hybrid models, and the
errors due to non-uniform cross-section by comparing the uniform and non-uniform
hybrid models. For CT-based model, we used the results from the simulation per-
formed by Miyawaki et al.[63]. To compute DE for the CT-based model, we split the
surface of the CT-based model used by Miyawaki et al.[63] into branches using the
surface of the non-uniform hybrid model.

For comparison purposes, the DFE predicted by the CL-based model, uniform
hybrid model, and non-uniform hybrid model were plotted against the DE predicted
by the CT-based model (Figure 4.5). We did not include the data for branches
with M < 12 (about 100 in 8 releases) because the uncertainty in DE tends to be
large when M, denominator of the right hand side of Equation 4.2, is too small.
To quantitatively compare DE, we computed the p-value of the t-test for the slope
of linear regression (f;) with null hypothesis of §; = 1 and alternate hypothesis
of 1 # 1. The null hypothesis was not rejected with significance level of 10% for
the non-uniform hybrid model, and 1% for the uniform hybrid model. However, the
null hypothesis was rejected with significance level of 1% for the CL-based model.

The correlation coefficient r was more than 0.9 for the non-uniform hybrid model,
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Figure 4.5: The correlations of the deposition efficiency (DE) of 20-um aerosol pre-
dicted by computed tomography (CT)-based model with the DE predicted by the
(a) centerline (CL)-based, (b) uniform hybrid, and (c) non-uniform hybrid models.
The solid lines denote regression lines with zero intercept, and the dot-dashed lines
denote the line with slope of one and intercept of zero. 31, r, and p denote the slope
of regression lines with zero intercept, correlation coefficient, and p-value of the t-test

for B with null hypothesis of §; = 1 and alternate hypothesis of 51 # 1, respectively.

between 0.8 and 0.9 for the uniform hybrid model, and between 0.7 and 0.8 for the
CL-based model. The three models overall underestimated DFE, and the degree of
under prediction increased in the order of the non-uniform hybrid, uniform hybrid,
and CL-based model. The average DFE for the branches in the CT-based model was
0.43, or 43%. The average absolute error in DE was 0.13, 0.12, and 0.08 for the
CL-based, uniform hybrid, and non-uniform hybrid models, respectively, compared

to the CT-based model.
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4.3.2 Hybrid CL-CT-based Model

To compare the geometries of different models, we extracted the skeleton and
the surface mesh of the CL-based, uniform hybrid, and non-uniform hybrid models.
The major sources of error in the geometry of the CL-based model are straight branch
and uniform cross-section. We estimated the error due to straight branch by com-
paring the skeleton of the CL-based and the hybrid models. To estimate the error
due to uniform cross-section, we compared the distance between the surfaces of the
CT-based and hybrid models.

For each branch, we computed the average distance between the CLN of the
hybrid model and straight CL of the CL-based model, and normalized the distance
by branch radius. If there are no sub-branches in a branch, the normalized average
distance is zero for that branch. For instance, the normalized average distance was
0.55 in the left main bronchus (LMB), which means that the average distance between
straight and curved CLs was 55% branch radius in the LMB. We further averaged
the normalized average distance of branches to obtain global error due to straight
branch, which was 0.14.

For each branch, we computed the average distance between the surface of the
CT-based model and the surface of the CL-based, uniform hybrid, and non-uniform
hybrid models; and normalized the distance by branch radius (Figure 4.6). For in-
stance, the normalized average distance was 0.50, 0.094, and 0.025 in the LMB for the
CL-based, uniform hybrid, and non-uniform hybrid models, respectively, although it

was difficult to estimate the distance for the CL-based model because of the straight
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(d)

Trachea

LMB

Figure 4.6: The (a) centerline (CL)-based, (b) uniform hybrid, (¢) non-uniform hy-
brid, and (d) CT-based models around the first bifurcation. d is the radial distance
between the surfaces of each model and the CT-based model, and R is the branch

radius. LMB and RMB are left and right main bronchus, respectively.

CL. The global error was 0.25, 0.12, and 0.028 for the CL-based, uniform hybrid,
and non-uniform hybrid models, respectively. The error was large at non-circular
cross-sections, e.g., near carina and at the end of the LMB (Figure 4.6b). To test the
robustness of the non-uniform hybrid model, we applied the model to the 8 healthy

and 16 severe asthmatic (SA) subjects used in Chapter 3 (Figure 4.7). The average

global error was 0.038.
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()

Figure 4.7: The (a) non-uniform hybrid geometry, (b) CFD mesh for non-uniform
hybrid geometry, and (¢) CT-based geometry around a bifurcation of a severe asth-
matic subject. d is the radial distance between the surfaces of each model and the

CT-based model, and R is the branch radius.
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4.3.3 Laryngeal Model

To construct approximate geometric laryngeal model, we empirically deter-
mined the five parameters Ly, D; ., D ., l7,, and %) (Figure 4.3). The normalized
glottis location L} (= Ly/Dy,;) were 8.64 (4 0.58), where the value in the parenthesis
indicates the standard error. The normalized hydraulic diameter at the glottis and
above the glottis were 0.677 (& 0.054) and 1.24 (£ 0.06), respectively. The best nor-
malized length of the larynx above and below the glottis, [7, and [}, were both 1.3
(Figure 4.8). The fitted curve represented the distributions of D in three geometries
reasonably well.

To examine the performance of the approximate laryngeal model, we compared
the turbulent kinetic energy (TKE) distribution in the trachea predicted with the
CT-based and approximate models (Figure 4.9). In the CT-based model, we imposed
laminar flow at the mouthpiece, while we used SEM to feed turbulent flow above
the glottis in the approximate model. The laryngeal jet was not parallel to the
airway direction in the CT-based model, and TKE was amplified in the shear layer
around the jet (Figure 4.9a). The jet was parallel to the airway direction in the
approximate model, and the approximate model captured the amplification of TKE in
the shear layer around the laryngeal jet (Figure 4.9b). Furthermore, the highest TKE
in the two models were of the same order of magnitude. Since cross-section was not
axisymmetric in the CT-based model, we compared the cross-sectional averaged TKE

(kx) distributions in the two models. The approximate model reproduced overall

profile of kyx distribution reasonably well. The approximate model overestimated
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Figure 4.8: The geometric laryngeal model constructed using the geometries of Cheng
et al.[12] (Cheng97) and two healthy subjects (Subjectl and 2). The lengths of larynx
above the glottis normalized by the (hydraulic) diameter of the trachea [}, for the
model represented by solid, dashed, and dash-dotted curves are 1.3, 0.75, and 2.0,
respectively. Dy, Dy, and dy denote the hydraulic diameter of the trachea, hydraulic
diameter of a cross-section in the larynx, and the distance from the glottis to the

cross-section, positive in upward direction, respectively.
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(b) (c)

0.20

kU

Figure 4.9: The turbulent kinetic energy (TKE, k) distributions in the plane cutting
through the center of glottis predicted with the (a) computed tomography (CT)-based
and (b) approximate laryngeal (AL) models, and (c) the cross-sectional averaged TKE
(kx) distribution in the trachea for both models. U, d,, and Dy, are bulk velocity,

distance from the glottis, and hydraulic diameter of the trachea, respectively.

the highest kx by 27%, and the location of the highest kx was one trachea hydraulic
diameter closer to the glottis compared to the CT-based model. When we fed laminar
flow above the glottis in the approximate model (not shown), TKE was negligible

compared to the CT-based model.
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4.4 Discussion
4.4.1 Aerosol Deposition

To evaluate the ability of the non-uniform hybrid model to predict aerosol
deposition, we compared the depositions of 20 pum-aerosols predicted by the CT-
based and non-uniform hybrid models. The difference between the aerosol depositions
predicted by the CT-based and non-uniform hybrid models was not significant with
significance level of 10%. Furthermore, the average absolute error in the aerosol
deposition predicted by the non-uniform hybrid model was as small as the uncertainty
in the prediction of oral deposition by CT-based model reported by Miyawaki et
al.[63], which was about 0.07 at low Stk - Re”.37. Therefore, as expected, the quality
of the automatically generated CFD mesh based on the non-uniform hybrid model
is high enough to predict aerosol deposition. The non-uniform hybrid model may
be used especially for studies that involve multiple subjects because this method
requires much less time to pre- and post-process data compared to the CT-based
models constructed manually.

We also tested the performance of the uniform hybrid and CL-based models.
The uniform hybrid or CL-based model may be required when researchers want to
manipulate branch diameter to investigate aerosol deposition in the human lung. For
instance, we need to increase diameter of asthmatic branches if we want to investi-
gate the effect of skeleton in asthmatic lung on aerosol deposition because asthmatic
branches are typically narrower than healthy branches. As expected, the uniform hy-

brid model was more accurate than the CL-based model in terms of the prediction of
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aerosol deposition. Therefore, the uniform hybrid model should be used when branch
diameter needs to be manipulated.

To discuss the error in the prediction of aerosol deposition, we can use the dif-
ference between aerosol depositions predicted by the CL-based, uniform hybrid, and
non-uniform. The three models underestimated aerosol deposition by 20, 17, and 8%
on average, respectively. The underestimation by the CL-based and uniform hybrid
models is reasonable, because CL is straight in the CL-based model and cross-section
is uniform in the uniform hybrid model. Straight CL contributes 25% and uniform
cross-section contributes 75% of the difference between the aerosol depositions pre-

dicted by CL-based and non-uniform hybrid models.

4.4.2 Hybrid CL-CT-based model

We compared the geometry of the CT-based model with that of the CL-based,
uniform hybrid, and non-uniform hybrid models. The error in the surface geometries
of the CL-based, uniform hybrid, and non-uniform hybrid models were 25, 12, and
2.8%, respectively. The difference between the errors in the surface geometries of
CL-based and uniform hybrid models agreed with the average distance between the
straight and curved CLs, which was 14%. Straight CL contributes 59% and uniform
cross-section contributes 41% of the difference between the surface geometries of CL-
based and non-uniform hybrid models.

To test the robustness of the non-uniform hybrid model, we applied the model

to SA subjects. It is well known that asthmatic lungs tend to have narrow branches,
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which makes it difficult to fit CLs. Asthmatic branches also tend to be non-circular
possibly due to excessive mucus, and accurate fitting requires more than four CNs.
The average error in the surface of geometries for 8 healthy and 16 SA subjects was
3.8%, which is as small as the error for the subject considered in this study. Therefore,

this model may also be used to study SA subjects.

4.4.3 Laryngeal Model

To construct artificial laryngeal model, we empirically determined the dimen-
sions of larynx. According to Choi and Wroblewski[16], the ratio of cross-sectional
area at the glottis to trachea is 0.40 at mid-inspiration, i.e., Dy s 0.63 with the
assumption of circular cross-section. The D} , found in this study is reasonably con-
sistent with the published value for mid-inspiration.

We used the empirically determined dimensions of larynx and SEM to re-
produce turbulent laryngeal jet. The approximate laryngeal model captured overall
distribution of TKE in the trachea reasonably well, and the highest TKE predicted by
the CT-based and approximate laryngeal models were of the same order of magnitude.
We think the approximate laryngeal model reproduced realistic level of turbulence
given that (i) we defined the geometry of larynx with only five parameters, (ii) we only
specified the largest eddy size and turbulent intensity as input to generate isotropic
turbulent flow above the glottis, and (iii) we did not optimize the parameters specif-
ically for this subject. If the airway geometry above the trachea is unknown, the

turbulent flow generated with this approximate laryngeal model would be accurate
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enough.

4.4.4 Advantages

The CL-based and hybrid models are basically an extension of 1-D tree to 3-D
geometry, and the major advantages of these models are related to this modeling phi-
losophy. Since these models are extended from 1-D tree, one sub-domain corresponds
to one branch. This is a very important feature of numerical models for the following
nine reasons. First, we can create the geometry with generated or manipulated skele-
ton using the CL-based model. Second, we can create the geometry with manipulated
diameter using the uniform hybrid model. Third, we can create the geometry that
includes CT-resolved and CT-unresolved branches combining the non-uniform hybrid
and CL-based models. Fourth, we can generate CFD mesh for branches in parallel.
Fifth, we can easily impose boundary conditions using, e.g., flow rate and diameter
even for a large number of branches. Sixth, we can map the surface and volume ele-
ments in the CT-based model to branches using non-uniform hybrid model. Seventh,
we can easily compute branch-averaged quantity during/after gas-flow simulations.
Eighth, we can easily count the number of aerosols entered and deposited in branches
during/after aerosol simulations. Thanks to the seventh and eighth features, we can
investigate the correlation between the quantities for branches with the geometric
properties of the branches, e.g., diameter, length, curvature, branching angle, and
gravity angle. Ninth, we can investigate multiple subjects easier compared to tradi-

tional manual methods. For example, the method proposed by Marchandise et al.[61]
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does not have the first three features, although the quality of their CFD mesh for
CT-resolved branches seems high. The elements in their CFD mesh can be mapped

to branches using the non-uniform hybrid model for post-processing.

4.4.5 Potential Improvements

In this study we did not consider the other functions of extrathoracic region in
drug delivery, but they can be included depending on the purpose of the simulations.
The important function is the filtering or aerosols due to oral deposition. This can
be implemented using the similarity curve based on the experiments conducted by
Grgic et al.[34] (Grgic’s curve). The seven parameters, five for geometry and two for
gas-flow, for the approximate laryngeal model could be improved by studying more
subjects. It would be ideal to find empirical formula for those parameters based on
clinical characteristics of subjects, breathing patterns, and geometry of trachea so that
the parameters can be determined even if CT images do not include extrathoracic
region. Furthermore, in moving lung simulations, the parameters for glottal opening

(D} ,) and gas-flow may need to vary during a respiratory cycle[8].
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CHAPTER 5
NUMERICAL INVESTIGATION OF AEROSOL DEPOSITION IN
HUMAN LUNGS WITH SKELETONS OF SEVERE ASTHMATIC
SUBJECTS

5.1 Introduction

More than 200 million people in the world suffer from asthma according to
an estimate by World Health Organization (WHO) in 2011[91]. Asthma is caused
by genetic and environmental factors, which explain 30-80% and 20-70% of asthma
risk, respectively[66]. Environmental factor consists of exposure to biological and
chemical aerosols, e.g., house dust mites, pollen, NO,, and environmental tobacco
smoke (ETS). Asthma causes airway narrowing mainly because of muscle tightening,
airway inflammation, and excessive mucus (e.g., [45]), which makes it difficult for the
patients to breath due to higher resistance. Thus, a better understanding of the cause
of asthma would improve the prevention and treatment of asthma.

The exposure to aerosols can be investigated numerically. The numerical (in
silico) models based on three-dimensional (3-D) computational fluid dynamics (CFD)
can provide aerosol deposition in each branch using first principles (mainly Navier-
Stokes equation and equation of particle motion) (e.g., [63]). Researchers have used
the 3-D CFD-based numerical models to understand the aerosol deposition in asth-
matic lungs (e.g., [72, 58, 41]). Several structural and functional variables such as
airway skeleton structure, LA, and regional ventilation could contribute to the devel-

opment of asthma caused by aerosol exposure. In most of the numerical studies of

www.manaraa.com



101

asthma, the effect of narrowed branches on aerosol deposition was investigated and
higher aerosol deposition and larger pressure drop were found in narrowed branches
when regional ventilation of healthy subjects was applied. These studies did not in-
vestigate the correlation between skeleton structure of asthmatic subjects and aerosol
deposition. The objective of the present study is to investigate the effect of skeleton
structure on aerosol deposition in asthmatic lungs using in-house subject-specific 3-D
CFD-based numerical models.

The inter-subject variability in airway skeleton could be related to the inter-
subject variability in development of asthma. It is well known that high density of
aerosols in air increases the risk of asthma[66], but this alone may not fully explain
why one person will develop asthma but another will not in similar environmental
conditions. It is possible that the lungs of the two people have different structure and
function, resulting in higher exposure to aerosols for one of the individuals. In large
(proximal) branches, aerosols deposit mainly due to inertial impaction, so smaller
diameter, larger flow rate, and larger curvature of airflow streamline can cause higher
aerosol deposition. The curvature of streamline is determined by airway skeleton,
especially branching angle (BA), which can be defined as the difference between the
directions of parent and child branches (e.g., [40, 52]). In small (peripheral) branches,
sedimentation is the main aerosol deposition mechanism; sedimentation depends on
gravity angle, which is defined as the difference between the directions of gravity and a
branch. Researchers have performed cluster analyses to find the phenotypes of severe

asthma (e.g., [42]), but the variables related to airway skeleton were not considered.
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We hypothesize that there are asthmatic subjects whose airway skeletons can cause
higher aerosol deposition compared to healthy subjects.

The study of correlation between airway skeleton structure and aerosol depo-
sition in asthmatic subjects gives some insight into the understanding of the environ-
mental factor of asthma. The exposure to aerosols does not affect BA according to a
previous study of rat lungs[52]; Montaudon et al.[64] found that LA of branches with
fourth or higher generation in asthmatic lungs is significantly smaller than that in
healthy lungs; Orphanidou et al.[67] and Choi et al.[15] found that asthma changes
regional ventilation. Therefore, airway model with controlled LA, controlled regional
ventilation, and subject-specific skeleton is similar to the airway before the develop-
ment of asthma. The results from the aerosol simulations with this airway should
provide insightful information about the environmental factor of asthma. CT images
of healthy subjects can provide the controlled LA of central branches, the Horsfield’s
model[40] can provide the controlled regional ventilation in central airway, and the hy-
brid CL-CT-based model developed in Chapter 4 can construct the airway geometry
with the controlled LA and subject-specific skeleton.

The rest of the chapter is organized as follows. First, we mainly describe
the method to create the airway geometry before the onset of asthma. Second, we
present the results from the numerical simulations about the skeleton and aerosol
deposition in asthmatic lungs before the onset of asthma. Finally, we discuss the

effect of skeleton on aerosol deposition in asthmatic lungs.
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5.2 Methods
We analyzed the geometry and aerosol deposition in central branches of healthy
and severe asthmatic (SA) subjects, following three main steps. First, we randomly
selected normal and SA subjects from the data set acquired through the Severe Asth-
matic Research Program (SARP). Second, we measured the dimensions of central
branches and created airways before development of asthma using in-house image-
based geometric airway model (Chapter 3 and 4). Finally, we simulated aerosol

motion in the airways using in-house numerical aerosol model[63]).

5.2.1 Healthy and Severe Asthmatic Subjects

In a preliminary study, we found that the branches in SA lungs that can be
resolved by CT do not seem to be significantly narrower than those in healthy lungs
if forced expiratory volume in one second is higher than 45% predicted (FEV1pp
> 45%). Thus, we classified SA subjects into two sub-groups: SA1 if FEVipp <
45% and SA2 if FEV1pp > 45%. To analyze the geometry of airways, we randomly
selected the CT images of eight healthy, eight SA1, and eight SA2 subject from the
data set obtained at the University of Pittsburgh. The Institutional Review Board at
the University of Pittsburgh approved the associated human studies along with the
imaging protocol. Airways in CT images become more difficult to identify if the body
mass index (BMI) is too large, so we did not include the subjects with BMI larger
than 35. Table 5.1 shows that there is no significant difference in BMI and total lung

capacity (TLC) between the three groups, while FEV1pp is significantly different.
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Table 5.1: Clinical characteristics of healthy and
severe asthmatic (SA) subjects used for geometric

analysis.

Group Healthy SA1 SA2
Height (cm) 166410 173410 1714 12
Weight (kg) 68+16 84425 78417

BMI 24447 28456 27431
TLCpp (%) 98+12 105+16 97413
FEVIpp (%) 96+10 37+5.20 66417

& The data are based on eight subjects for each
group, and mean + sample standard deviation is
presented.

> The signs t and § indicate significantly smaller val-
ues compared to healthy and SA2 lungs, respec-
tively, based on one-tailed t-test with significance
level of 5%.
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To analyze aerosol deposition, we selected three healthy (1-3) and three SA1
(4-6) subjects (Table 5.2). The in-house large eddy simulation (LES)-based model is
more accurate than Reynolds-Averaged Navier-Stokes (RANS)-based model, but the
model is still computationally too expensive to simulate aerosol motion for 24 subjects
used in geometric analysis. The effect of turbulent diffusion on aerosol deposition was
controlled by selecting the subjects with similar TLC: 5.30 & 0.16 L and 5.31 £ 0.29
L for healthy and SA1 subjects. Subjects 4 and 5 developed asthma as adult, so we
can use their data to discuss the environmental factor of asthma. We can still use the
data of the three SA1 subjects to discuss the effect of skeleton on aerosol deposition
in asthmatic lungs. The number of subjects in the analysis of aerosol deposition is
small, so my intent is to find if there is more aerosol deposition in any of the three
SA1 lungs compared to healthy subjects, rather than to draw general conclusions

about SA subjects.

5.2.2  Geometry of Healthy Airways
We created the geometry of airways with average healthy LA and subject-
specific skeleton using the hybrid centerline (CL)-CT-based geometric model (Chap-
ter 3 and 4). First, we manually improved the segmentation of CT images after run-
ning automatic segmentation on a commercial segmentation program Apollo (VIDA).
Second, we extracted the branches corresponding to the central branches 0-38 used
by Horsfield et al.[40] (Figure 5.1). To compare the dimensions of the airways up to

fourth generation with published data, we included more branches so that all branches
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Table 5.2: Clinical characteristics of healthy and severe

asthmatic (SA) subjects used for aerosol analysis.

Group Healthy SA1
Subject 1 2 3 4 5 6
AAO - - - 28 24 0

TLC (L) 517 548 524 555 498 5.39
TLCpp (%) 111 103 101 127 105 88
FEV1pp (%) 102 109 94 40 42 35
[rea 0.99 0.99 098 049 0.75 0.89

2 AAO is age of asthma onset.

with generation up to four were included. The added branches were not considered
when analyzing aerosol deposition.

Third, we obtained the LA and BA of each branch using the hybrid geometric
model. We estimated the inner diameter of an airway lumen by averaging the radii
in four directions that are perpendicular to each other, and we used the diameter to
estimate the LA with the assumption of a circular lumen (Figure 5.2 (a)). Most of
the aerosols deposit near carina due to impaction in central branches, so the BA near
carina should be more related to aerosol deposition, rather than the BA for the entire
branch. For instance, the left main bronchus (LMB) tends to be long and curved,
so the two BAs are different. The hybrid geometric model splits a long branch into
sub-branches whose aspect ratios are about one, where aspect ratio is the ratio of the

length to diameter of a (sub-) branch. We computed the BA using the parent and
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Figure 5.1: The branch numbers used by Horsfield et al.[40]. Branch 31 is hidden
behind branches 30 and 32, and branch 17 for this subject is very short. The numbers

and edges of branches are colored by lobe.

child sub-branches directly connected to the carina (Figure 5.2 (b)).
Fourth, we normalized the LA with TLC to eliminate the inter-subject vari-

ability in LA due to lung size:
LA}, = LA, /TLCY?, (5.1)

where b is branch index and s is subject index. This normalization is reasonable
because the TLC of the asthmatic lungs is about 100% predicted value (Table 5.1),
and small normalized LA means that the airway is narrow compared to the capacity

of the lung, resulting in small FEV1pp. Fifth, we computed the average normalized
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(b)

Trachea

Figure 5.2: The definition of the dimensions of branches: (a) the radii in four direc-
tions used to estimate luminal area (LA), and (b) the branching angle (BA). r, f, [,
b, and c are right, front, left, back, and centerline points in Chapter 3, respectively.

The figure shows the BA of right main bronchus (RMB).

healthy LA and BA for each central branch:

Np
LA, = (1/Ny) Y LA; and (5.2)
s=1
Np
BAny = (1/Nu) > BA,,, (5.3)
s=1

respectively, where N}, is the number of healthy subjects. Sixth, we further normalized

LA and BA with average healthy values:
LA}, = LAy /LA; yand (5.4)

BA;, = BAy/BAp. (5.5)

For simplicity, we may use Area™ and Angle* to mean LA} and BAj  hereafter,

respectively. Seventh, we computed average normalized LA for each subject (LAX)
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to evaluate overall degree of disease:
Ny
LAY = (1/N,) Y LA, (5.6)
b=1

where N, is the number of branches. For simplicity, we may use piarea* to mean
LAY hereafter. Eighth, we computed the average healthy LA for each branch in each

subject (LApy, ) using their TLC and the average normalized healthy LA:
LApys = LA}, - TLC2®. (5.7)

We selected the subjects with similar TLC, so LA s does not vary with subject.
Finally, we created the CFD mesh of airways with average healthy LA (LA, s) and
subject-specific skeleton using the hybrid geometric model (Chapter 3). Each branch
in the resulting CFD mesh has circular cross-section and curved centerline (Figure
5.3). The CT-image of the airway above trachea was not available, so we attached

the laryngeal model developed in Chapter 4 to the trachea.

5.2.3 Numerical Aerosol Simulations
To reproduce 3-D turbulent air flow field in the airways, we used the 3-D
CFD model developed and validated by Lin et al.[53] and Choi et al.[14]. In central
branches, air flow is turbulent (e.g., [21, 63]), so the model is based on LES to resolve
large scale eddies. We considered the steady inhalation with flow rate of 20 L/min to
simulate breathing in rest condition, and the corresponding local Reynolds number
in the trachea (Re;) is 1600. We imposed turbulent flow at the inlet (above glottis)

using synthetic eddy method (SEM)[43] as in the simulations in Chapter 4. We
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Figure 5.3: The surface of computed tomography images (red) and computational
fluid dynamics meshes (white) at left lingual bifurcation for subjects (a) 1 and (b)
4 with average healthy luminal area (LAj;) and subject-specific skeleton. The
numbers in the figure denote the branch numbers used by Horsfield et al.[40]. The
luminal area (LA) of branch 24 in subject 4 is 7% of average healthy LA (LA;Y =

0.07).
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estimated the length scale of the largest eddy and turbulent intensity at the inlet by
using the data from a preliminary study and the data presented by Choi et al.[13].
We scaled the length scale and turbulent intensity based on trachea diameter and
Re¢. To control the effect of regional ventilation on aerosol deposition, we applied the
flow rate outlet boundary condition proposed by Horsfield et al.[40] to every subject.
This means the local Re and Stokes number (Stk) in a branch of a subject are similar
(difference < 5%) to those of another subject because the averaged healthy LAs are
similar.

To compute the particle trajectories in airways, we used Lagrangian particle
tracking model developed and validated by Kumar et al.[49] and Miyawaki et al.[63].
The CFD simulation is much more computationally expensive than aerosol simulation,
so we computed the particle trajectories as a post process of the CFD simulation. The
Rey is similar to the Rey used in the simulation of air by Miyawaki et al.[63], so we
updated the unsteady flow field every 0.006 sec in this study as well to resolve large
eddies. We evaluated aerosol deposition in a branch using deposition efficiency (DE),
which is defined as

DE, = N,,/M,,, (5.8)

where M,; and N,;, are numbers of aerosols entered and deposited in branch b,

respectively. Average healthy DE and normalized DE are defined as

Np

DEy, = (1/Ny) Y DEj and (5.9)
s=1

DE}, = DE,,/DE,, (5.10)
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respectively, where DE}, ; is DEy, in Equation 5.8 for subject s. For simplicity, we
may use Ptcl® to mean DEj | hereafter.

We used the most effective aerosol size when analyzing aerosol deposition,
and we used the deposition fraction (DF) of the branches of interest to compare the
effectiveness of aerosol size. The DF of a branch is defined as the ratio of the number

of aerosols deposited in the branch to the number of aerosols entered the oral cavity:

N b M t N b M o N o
DF, = —kb _ et Zpb _ Tp, 2 DF} = (1 — DF,)DF}, (5.11)
M,, M,,M,, M,, b b

where N, , is the numbers of aerosols deposited in the oral cavity, M, , and M, , are
numbers of aerosols entered the oral cavity and the trachea, respectively, DFE, is the
DE in oral cavity, and DFy is the DF based on M;, rather than M,. The DE, was
estimated based on the empirical curve for oral deposition proposed by Grgic et al.[34]
and the length scale of the oral cavity used by Miyawaki et al.[63].

As we will present later, the LA of the SA1 subjects was significantly smaller
than that of the healthy subjects in the central branches whose generation number is
greater than two, so we considered those branches as the branches of interest when
obtaining the effective aerosol size. The total DF of 5, 10, 20, and 40-um aerosols in

the central branches whose generation number is greater than two, i.e., > DF,,

gen>2
were 0.03, 0.10, 0.16, and 0.00, respectively. Therefore, 20 ym was the most effective
among the four aerosol sizes tested, and 16% of 20- aerosols deposited in the branches
of interest. The analyses of aerosol deposition below are based on the results from the

simulations of 20-um aerosols. Cement dust, Coal dust, flour, paint spray, bacteria,

and pollen may contain 20-um aerosols[38].
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5.2.4 Statistical Tests
We used two-tailed and one-tailed t-test for mean with significance level of 5%
to test if one value is “significantly different” from another value and if one value is

“significantly smaller” than another value, respectively.

5.3 Results
5.3.1 Aerosol Deposition in Asthmatic Lungs

We found the correlation between diseased branch and aerosol deposition in
one (subject 4) of the three SA1 subjects considered even if the LA is healthy. In
Figure 5.4, each point represents one branch of subject 4. In this study, we assumed
a branch of SA subjects with smaller Area™ is more diseased because it is well known
that luminal area of asthmatic branches is smaller than that of healthy branches. The
correlation coefficient r for Area™ vs. Ptel* was —0.49, and p-value of the two-tailed
t-test for the slope of linear regression was 0.014 (Figure 5.4 (a)). This implies that
there is more aerosol deposition in more diseased branches even if the LA is as large
as that in healthy branches. The r and p-value for Area* vs. Angle® were —0.40
and 0.056 if one branch with very large BA (branch 31) is not considered (Figure 5.4
(a)). This implies that the BA of more diseased branches is larger, although p-value
is slightly larger than 5%, i.e., marginally significant. The r and p-value for Angle*
vs. Ptcl® were 0.42 and 0.042 if one branch with very large BA (branch 31) is not
considered (Figure 5.4 (b)). This implies that there is more aerosol deposition in the

branches with larger BA.
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Figure 5.4: The correlation between normalized luminal area (Area*), normalized de-
position efficiency of 20-um aerosols (Ptcl*), and normalized branching angle (Angle*)
for one (subject 4) of the three SA1 subjects analyzed. The correlation coefficient r
and p-value for Area* vs. Ptcl*, Area™ vs. Angle*, and Angle* vs. Ptcl* were (—0.49,
0.014), (—0.40, 0.056), and (0.42, 0.042), respectively, if one outlier with very large
BA is not included. The number of healthy subjects (V) used to get Area*, Ptcl*,

and Angle* are eight, three, and three, respectively.
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Figure 5.5: The number of segmented branches normalized by TLC and (b) the
average normalized luminal area of central branches as a function of FEV1pp for

healthy, SA1, and SA2 subjects.

5.3.2 Luminal Area and Branching Angles

The number of segmented branches in SA1 subjects was significantly smaller
than that of healthy and SA2 subjects. In Figure 5.5, each point represents one
subject, and the dashed line denotes the average value for each group. The branches
in SA1 subjects were clearly narrower than those in healthy and SA2 subjects based
on visual inspection, so we counted the number of branches segmented to quantify
this difference. The smaller number of segmented branches imply overall narrower
branches with given spatial resolution of CT images. The number of segmented
branches in SA1 subjects was significantly smaller than that in healthy (p = 0.003)
and SA2 (p = 0.002) subjects, but the number of segmented branches in SA2 subjects

was not significantly smaller than that in healthy subjects (Figure 5.5 (a)), which

agrees with qualitative observation.
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Figure 5.6: The average generational luminal area (LA) normalized by (a) body mass
index (BMI) and (b) total lung capacity (TLC) for controlled (M09C) and asthmatic
(M09A) subjects reported by Montaudon et al.[64], healthy, SA1, and SA2 subjects.
The signs 1 and § indicate significantly smaller values compared to healthy and SA2

subjects, respectively, based on one-tailed t-test with significance level of 5%.

The LA of central branches with generation number higher than two in SA1
subjects was significantly smaller than that in healthy subjects. Figures 5.6 (a) and
(b) shows that LA of central branches normalized either by BMI or TLC is signif-
icantly smaller than that in healthy subjects if generation number is three or four.
Figure 5.6 (b) shows that LA of central branches normalized by TLC is significantly
smaller than that in SA2 subjects for generation one through four.

The LA of central branches in SA1 subjects was significantly smaller than that
of healthy and SA2 subjects. To compare the LA of central branches collectively, we
compared fipreax Of the subjects in the three groups. The LA of central branches in

SA1 subjects was significantly smaller than that in healthy (p = 0.007) and SA2 (p
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= 0.003) subjects, but the LA of central branches in SA2 subjects was not signifi-
cantly smaller than that in healthy subjects (Figure 5.5 (b)). parea* of subject 4 was
the smallest among the three SA1 subjects considered in aerosol deposition analysis
(Table 5.2). To compare the LA of central branches individually, we compared Area*
of the central branches in healthy and SA1 subjects. The LA of SA1 subjects was
smaller than that of healthy subjects in 31 of 32 (97%) branches, and the former
was significantly smaller than the latter in 12 of 32 (38%) branches (Figure 5.7 (a)),
whose generation number is higher than one (Figure 5.7 (b)).

The BA of central branches in SA1 subjects was not significantly different
from that of healthy subjects. To compare the BA of central branches individually,
we compared Angle* of the central branches in healthy and SA1 subjects. The BA of
SA1 subjects was larger than that of healthy subjects in 20 of 31 (65%) branches, and
the former is significantly different from the latter in 1 of 31 branches (3%) branches

(Figure 5.8 (a)).

5.4 Discussion
We analyzed the geometry and aerosol deposition of central branches in healthy
and SA subjects using the in-house numerical airway geometry and aerosol models,
respectively. We tried to find if there are any SA subjects whose airway skeleton can

cause higher aerosol deposition compared to healthy subjects.
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Figure 5.7: (a) The normalized luminal area (LAj ) of central branches in healthy
subjects, SA1 subjects, and the healthy subject studied by Horsfield et al.[40] (H71);
and (b) the location of the branches where LA; . of SA1 subjects is smaller (blue)
or significantly smaller (red) than that of healthy subjects. The TLC of the healthy
subject studied by Horsfield et al.[40] was not available and assumed to be the average
TLC (5.43 L) of the healthy subjects in the present study. The sign t indicates
significantly smaller values compared to healthy subjects based on one-tailed t-test

with significance level of 5%.
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Figure 5.8: (a) The branching angle (BA; ) of central branches in healthy subjects,
SA1 subjects, and the healthy subject studied by Horsfield et al.[40] (H71); and (b)
the location of the branches where BA, s of SA1 is larger (blue) or significantly larger
(red) than that of healthy subjects. The sign { indicates significantly different values

compared to healthy subjects based on two-tailed ¢-test with significance level of 5%.

5.4.1 Aerosol Deposition in Asthmatic Lungs
We found significant correlation between diseased (narrow) branches and aerosol
deposition in the most diseased SA1 subject (subject 4) among the three SA1 sub-
jects considered in the analysis of aerosol deposition even if the LA of the diseased
branches is healthy. The sign of the correlation coefficient is negative, so there is
more aerosol deposition in more diseased (narrower) branches compared to healthy
subjects. We try to find the cause of this correlation. In the analysis of aerosol de-
position, LA, breathing pattern, and regional ventilation were controlled (healthy),
so two of the most important non-dimensional parameters for aerosol deposition in

central branches Re and Stk (e.g., [34]) were controlled. The other important fac-
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tors in aerosol deposition in central branches include BA and aerosol distribution
before entering a branch, which depends on the aerosol motion in the upstream. We
found significant correlation between BA and aerosol deposition in this subject. The
sign of the correlation coefficient is positive, so there is more aerosol deposition in
the branches with larger BA compared to healthy subjects. Larger BA implies that
larger curvature of airflow streamlines, resulting in more aerosol deposition due to im-
paction, so this correlation is reasonable especially when Re and Stk are controlled.
This implies the more diseased branches have larger BA, and we found marginally
significant (p < 0.06) correlation between diseased branches and BA.

The results show the possibility that this subject (subject 4) had central
branches with larger BA, and that caused more aerosol deposition, resulting in dis-
eased (narrow) branches. This is based on the assumption that exposure to aerosol
does not affect BA as reported by Lee et al.[52] using rat lungs. Even if this is the
case, it is still not clear why this subject had branches with larger BA compared to
healthy subjects. It should be also noted that this alone does not fully explain the
cause of asthma, but this rather shows higher risk of asthma due to environmental
factors. If asthma (aerosol exposure) does affect BA, i.e., my assumption is not valid;
it is possible that asthma changed the skeleton of this subject in a way that increased
aerosol deposition as Inthavong et al.[41] briefly mentioned. If this is the case, devel-
oping asthma would cause more aerosol deposition due to narrowed LA and increased
BA. It is still not clear why there was not significant correlation between diseased

branches and aerosol deposition in the other two SA1 subjects (subjects 5 and 6).
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Their asthma might not have been caused by environmental factors.

We found that 20-um aerosols are the most effective among 5, 10, 20, and
40-pm aerosols for the deposition in central branches whose generation number is
higher than 2. This aerosol size is larger than the most effective aerosol size for
tracheobronchial deposition, e.g., summarized by Stahlhofen et al.[77], which is about
6 pm. This is reasonable because tracheobronchial region include more (up to 15th
generation) branches, where more small aerosols should deposit due to sedimentation.
We did not consider aerosol growth, but the aerosols whose size become about 20-pm
as they reach central branches may be important when considering environmental

factors for asthma.

5.4.2 Luminal Area and Branching Angle

We found significant difference between the LAs of central branches in SA1
and SA2 subjects, but no significant difference between healthy and SA2 subjects.
We classified SA subjects based on FEV1pp, and the threshold value for FEV1pp
was 45%. The number of segmented branches and LA (11prea*) of SA1 subjects were
significantly smaller than those of SA2 subjects. There was no significant difference
in either number of segmented branches or LA between healthy and SA2 subjects.
This implies that proximal branches were affected in SA1 subjects, but not in SA2
subjects. SA2 subjects still have severe asthma, so it is possible that only peripheral
branches were affected in SA2 subjects. When airflow and/or aerosol deposition in

the airway of SA subjects are investigated using CT images, SA2 subjects may not be
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different from healthy subjects because their airway geometry is not clearly different
from healthy one in the region that can be resolved by CT at the moment.

The difference between the average generational LA profiles of healthy and
SA1 subjects was significant, which is consistent with the study by Montaudon et
al.[64]. The slope of average generational LA profile agreed with that reported by
Montaudon et al.[64] reasonably well (Figure 5.6 (a)). The difference in the LAs of
trachea, left main bronchus (LMB), and right main bronchus (RMB) (branches with
generation number 0-1) between healthy and SA1 was smaller than that between
controlled and asthmatic subjects reported by Montaudon et al.[64] (Figure 5.6 (a)).
The LAs of central branches with generation number greater than two in SA1 subjects
were significantly smaller than those in healthy subjects, while Montaudon et al.[64]
reported the difference in LA is significant in the branches with generation number
greater than three. This difference may be attributed to number of subjects, methods
to estimate LA, and normalization by BMI (inter-subject variability), although we
think this difference by one generation is insignificant.

The LA of central branches in SA1 subjects were significantly smaller than
that in healthy subjects based on branch-by-branch comparison. The LA of healthy
subjects agreed reasonably well with that of the healthy subject studied by Horsfield
et al.[40] (Figure 5.7 (a)), although the TLC of the latter was not available and
assumed to be the average TLC of the former (5.43 L). It was unexpected that the
LA of SA1 subjects is significantly smaller than that of healthy subjects even in low-

generation branches, e.g., branches 6 and 11. This result should encourage researchers
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to investigate asthma in large airways using C'T images even if small airways are not
resolved.

It seems that the BA of central branches in SA1 subjects were overall larger
than that in healthy subjects, but the difference was not significant in most of the
branches. The BA of healthy subjects did not agree well with that of the healthy sub-
ject studied by Horsfield et al.[40] (Figure 5.8 (a)). For instance, the main bifurcation
(branches 1 and 10) is much more asymmetric in the latter than in the former. This
discrepancy may be attributed to that the branching angle was estimated based on
the geometry near carina, while Horsfield et al.[40] may have used the entire branch;
in addition to the inter-subject variability. The difference in BA between healthy
and SA1 subjects was not significant in most of the branches mostly because of large

inter-subject variability.

5.4.3 Potential Improvements
My analysis of aerosol deposition included three SA1 subjects due to the com-
putational cost of the in-house LES-based numerical aerosol model, but more subjects
may be required to draw general conclusions about SA1 subjects. It is ideal to use the
geometry of airways before developing severe asthma, but we predicted the geometry
based on available data. The in-house numerical acrosol model assumed static airway
geometry, steady inspiration, isothermal airflow, and no aerosol growth, and those

effects may need to be considered for more realistic simulations in the future.
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CHAPTER 6
SUMMARY AND FUTURE WORK

6.1 Summary
6.1.1 Realistic Numerical Human Airway Model

The effect of carrier gas properties on particle transport in the human lung is
investigated numerically in an imaging based airway model. The airway model con-
sists of multi-detector row computed tomography (MDCT)-based upper and intra-
thoracic central airways. The large eddy simulation technique is adopted for simu-
lation of transitional and turbulent flows. The image-registration-derived boundary
condition is employed to match regional ventilation of the whole lung. Four different
carrier gases of helium (He), a helium-oxygen mixture (He-O,), air, and a xenon-
oxygen mixture (Xe-O) are considered. A steady inspiratory flow rate of 342 mL/s
is imposed at the mouthpiece inlet to mimic aerosol delivery on inspiration, resulting
in the Reynolds number at the trachea of Re; ~ 190, 460, 1300, and 2800 for the
respective gases of He, He-O,, air, and Xe-O,. Thus, the flow for the He cases is
laminar, transitional for He-O, and turbulent for air and Xe-O,. The instantaneous
and time-averaged flow fields and the laminar/transitional/turbulent characteristics
resulting from the four gases are discussed. With increasing Re;, the high-speed jet
formed at the glottal constriction is more dispersed around the peripheral region of
the jet and its length becomes shorter. In the laminar flow the distribution of 2.5-

pm particles in the central airways depends on the particle release location at the
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mouthpiece inlet, whereas in the turbulent flow the particles are well mixed before
reaching the first bifurcation and their distribution is strongly correlated with regional

ventilation.

6.1.2 CL-based Geometric Human Airway Model

The author developed new algorithms to automatically identify, classify, and
construct the three-dimensional (3-D) geometry of trifurcations in the human lung us-
ing the one-dimensional (1-D) tree, which consists of the airway skeleton and branch
diameters. The anatomical information about the 1-D tree such as branch connec-
tivity and dimension facilitates data analysis, whereas 3-D geometry is essential for
visualization of airway geometry and accurate simulations of gas-flow and aerosol de-
livery in the airways. A trifurcation is a branching point that has three child branches,
and construction of trifurcation geometry is challenging because of the orientations
and lengths of the child branches. The existing geometric model does not account
for trifurcations, but we expected that trifurcation geometry can be constructed in
the framework of the existing geometric bifurcation model. To avoid the intersec-
tion and twist of 3-D airway trifurcation surface, we classified trifurcations into two
types by topology. The parameters for identification and classification of trifurcations
were determined empirically from 8 healthy and 16 severe asthmatic subjects. More
than 50% of the subjects had trifurcations between the second- and third-generation
branches in right lung, and more than 30% of the subjects had trifurcations between

the third- and fourth-generation branches in left lung. We applied the new model to
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constructing anatomically-consistent 3-D geometry of the branches that were not re-
solved by computed tomography (CT). Future models can fit the proposed geometry

to CT-based geometry, resulting in more realistic geometry.

6.1.3 Hybrid CL-CT-based Geometric Human Airway Model

The author proposed a new method to automatically construct and mesh 3-D
human airway geometry for computational fluid dynamics (CFD)-based simulation
of pulmonary gas-flow and aerosol delivery. Traditional methods to construct and
mesh realistic CT-based geometry were time-consuming, because it was done man-
ually with image-processing and mesh-generating programs. However, we expected
that realistic geometry with curved centerlines (CLs) and non-circular cross-sections
can be constructed and meshed automatically, and that the simulation with this ge-
ometry would provide accurate regional aerosol distribution on airway-branch scale.
The proposed method utilizes anatomical information obtained from the 1-D tree
such as branch connectivity and diameters to efficiently construct realistic geometry,
generate optimal CFD mesh, specify boundary conditions, and reduce simulations
results. The proposed geometric model automatically fits the straight CLs and cir-
cular cross-sections of cylinder-like branches called the CL-based geometry to the
CT-based geometry, resulting in the hybrid CL-CT-based geometry. Furthermore,
the model adds an approximate laryngeal model to the trachea of the hybrid model.
The aerosol deposition predicted by the hybrid model agreed well with the prediction

by CT-based model. The average geometric error based on 8 healthy and 16 severe
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asthmatic subjects was 3.8% branch radius. The approximate laryngeal model gen-
erated realistic level of turbulence in the trachea. The proposed method is suited for

branch by branch analyses of multiple subjects.

6.1.4 Skeleton of Severe Asthmatic Subjects

The author investigated the effect of airway skeleton structure on aerosol deliv-
ery in asthmatic subjects using in-house computational fluid dynamics (CFD)-based
numerical human airway models. Several structural and functional variables such as
airway skeleton structure, luminal area, and regional ventilation could contribute to
the development of asthma caused by aerosol exposure. However, previous studies
did not investigate the correlation between skeleton structure and aerosol deposition.
We hypothesized that there are asthmatic subjects whose airway skeletons can cause
higher aerosol deposition compared to healthy subjects. In the simulations, flow rate
and luminal area, i.e., Reynolds and Stokes numbers, in each branch were controlled,
but skeleton was subject-specific. This model is similar to the airway before devel-
opment of asthma. We found significant correlation between diseased branch and
aerosol deposition in one of the three severe asthmatic subjects considered even if the
luminal area is healthy. The correlation between diseased branch and branching angle
was marginally significant for this subject. These results show the possibility that
this subject had central branches with larger branching angle compared to healthy
subjects, and that caused more aerosol deposition, resulting in diseased branches.

We also found a significant difference in luminal area of central branches between two
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sub-groups of SA subjects classified by a global parameter of lung function.

6.2 Future Work
6.2.1 Geometric Models

There were branching points with more than three child branches, but the cur-
rent model can construct the geometry of up to three child branches. Future method
could construct quadfurcation geometry still in the same framework of the current
model by splitting one of the three child branches into two. In this modification it
could be an issue that too many surfaces and volumes are connected to one control
node, resulting in skewed CFD mesh elements. In addition, it could be difficult to fit
the surfaces at quadfurcation to CT-based geometry, because it is already difficult to
fit many surfaces at trifurcations.

Empirically-determined five parameters define the geometry of the current
artificial laryngeal model, and the parameters are functions of only the trachea geom-
etry. The parameters could be correlated with the clinical characteristics of subjects
such as height and total lung capacity (TLC), and the geometry of branches distal
to the trachea. It is possible that statistical methods give better formulae for the
parameters that are functions of more variables. The potential issue for this modi-
fication is that CT-image of extrathoracic region for a number of subjects may not
be easily available, because that is the reason why the artificial laryngeal model is

needed.
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6.2.2 CFD Models

The current artificial laryngeal model uses two parameters to add synthetic
turbulence to the flow above the glottis, and the parameters are functions of the
trachea hydraulic diameter and Re. Ideally, the breathing pattern and the geometry
of extrathoracic region determine the parameters. If there is a correlation between
clinical characteristics of subjects and the length scale of the extrathoracic region,
the breathing pattern and the clinical characteristics could determine the parame-
ters. Similar to the artificial laryngeal model, the availability of CT-image of the

extrathoracic region could be an issue for this modification.

6.2.3 Applications

The hybrid model has a lot of potential applications because of its ability to
manipulate airway structure, and we demonstrated one of them to investigate the
effect of airway skeleton structure on aerosol deposition in SA lungs. Future study
may need to consider more subjects to draw general conclusions about SA subjects.
Potential issue for the future study or one of the reasons why three SA subjects were
considered is that it is difficult to control variables. For example, it is difficult to
find the SA subjects with similar TLC. If TLC is different, it is difficult to control
Re, which is one of the most important non-dimensional parameters governing gas-
flow and aerosol delivery in the human lung. Nonetheless, the skeleton and branch
diameter can be manipulated in the hybrid model, and this is a powerful tool to test

various hypotheses.
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Dr. Eric A. Hoffman, Dr. John Newell, and Dr. Meilan Han investigated the
correlation between tapering and wall thickness of airway branches using the sub-
jects of the subpopulations and intermediate outcome measures in COPD study
(SPIROMICS) (presented at the scientific sessions of the American Thoracic Soci-
ety 2013; private communication with Dr. Eric A. Hoffman). They found that the
tapering of the subjects with a high bronchitis index cluster is different from that
of the subjects with a low bronchitis index. Thus, the new geometric modeling and
meshing method can be potentially applied to the investigation of the effect of branch
tapering on aerosol deposition in the branches with chronic bronchitis.

In addition to the applications to gas-flow and aerosol delivery in the human
lung, future studies can use the hybrid model to investigate the detailed geometric
characteristics of airway branches. The hybrid model of a branch can consist of sub-
branches, and the centerline and control nodes of the non-uniform hybrid model in
each sub-branch are fitted to the CT-based geometry. For example, the non-uniform
hybrid model can provide curvature of branches, variation of luminal area in branches,
and branching angle and luminal geometry of sub-branches. Furthermore, correlation

between lung diseases and those geometric characteristics can be investigated.
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APPENDIX A
3-D CL-BASED GEOMETRIC AIRWAY MODEL

A.1 Bifurcation Direction

The direction of a bifurcation n, is defined as n, = ¢; X cz/|c; X cg|, where
c; and cy are the directions of the first and second child branches, respectively. The
direction of y-axis is the same as the projection of n, to plane perpendicular to z-
axis, i.e., -y plane. The direction of z-axis is defined by y- and z-axes to make
a right-handed Cartesian coordinate system. At a bifurcation, the indices of the
child branches are defined when the 1-D tree is constructed with Apollo (VIDA). At
an intrinsic trifurcation, the child branches were sorted in descending order by the
product of the two angles between own and other two branches, i.e., the first child
branch is the farthest from the other two child branches by angle, and c; is defined
by the first child branch, and c, is the average of the second and third child branches.
At an extrinsic trifurcation, n, is defined using the first bifurcation in the original

double bifurcation.

A.2 Directions of s;- and s;-curves in Straight Airways
The directions of s1- and sy-curves are defined at each CN. The direction of
an sj-curves is positive in the direction of the positive rotation around z-axis, e.g.,
from right to left node, and the direction of an ss-curve is positive in the positive
z-direction (Figure 2 (a)). The direction of an s-curve at a point on the curve in oxyz

is mathematically expressed as 0x/0s;, where s; is the coordinate along the s;-curve.
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The direction of sj-curves at right, front, left, and back nodes are dx/0s; = (0, 1,0),
(1,0,0), (0,1,0), and (1,0,0), respectively, and the direction of so-curves at the ring
nodes is 0x/0dss = (0,0, 1). It should be noted that |0x/0s;| = 1 at each CN, which

is required when using cubic Hermite spline function|26].

A.3 Directions of s;- and sy-curves in Bifurcations

The directions of s-curves are not necessarily unique, i.e., 9x/0ds; is not nec-
essarily continuous, at the CNs of the bifurcation. For example, three s;-curves are
connected to the front node, but their directions are different from each other (Figure
3 (a)). To account for this, multiple ‘versions’ of directions, or derivatives[26], are
defined at the CNs. For example, six surface elements are attached to the front node,
so six versions of directions of s-curves are defined at the front node. The version
indices of s-curves in element i, iii, iv, v, vi, and ii in Figure 3 (a) are 2, 3, 4, 5, 6, and
7, respectively. Version 1 is reserved for the front node in a straight airway. Versions
2, 3, 6, and 7 of s;-curve and versions 2 and 7 of so-curve are the same as version 1 of
respective curves. Versions 3, 4, 5, and 6 of sp-curve are parallel to the CL of the child
branches: versions 3 and 4 to the left child branch and versions 5 and 6 to the right
one. Version 4 of s;-curve is opposite to version 5 of s;-curve, which is determined
using the coordinates of the crux node. Similarly, the directions of the s-curves at

every CN were determined using the coordinates of the CNs and the directions of the

child branches (e.g., Figures 3 (b) and (c)).
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A.4 Directions of s;- and s,-curves in Trifurcations

Similar to the bifurcation, we determined multiple versions of directions of
s-curve at CNs using the coordinates of CNs and the directions of child branches. At
the front node of a fork-type trifurcation (Figure 3.2d), we determined versions 4, 5,
8, and 9 of s;-curves using the coordinates of the crux nodes, and versions 3, 4, 5, 6,
8, and 9 of so-curves using the directions of the child branches. At the left node of
a tripod-type trifurcation (Figure 3.2e), we determined versions 6 and 7 of s;-curves
using the coordinates of the left crux node, and versions 6 and 7 of se-curves using
the directions of the child branches. We determined the directions of the s-curves at

every CN in similar ways.
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APPENDIX B
DERIVATION OF LOCAL MESH SIZE

In a laminar fully-developed pipe (Poiseuille) flow the wall shear stress 7,, is

_8,uUb
= Dy ,

(B.1)

Tw

where p is the dynamic viscosity of the fluid, U, is the local bulk velocity, and D,
is the local diameter. Equation B.1 can be expressed using the ratio of local to the

trachea flow rate r¢g; as

4QtrQl 1 rQ,
_q 21 e, B.2
WD D, ‘DI (B2)

where @Q); is the flow rate in the trachea and c is a constant for any airway. Equation

B.2 is used to get the friction velocity u* and the mesh size in wall unit y* as

u* = /Tw/p = c\/rg./ D} and (B.3)

T N (Y] B.4
Yy Y CQp Dg? ()

where p is the density of the fluid and A, is the local mesh size. When y™* is constant

for any airway, the local mesh size can be obtained using the trachea mesh size A;:

D3
Ay =A ,/ b B.5
b t TQ,ng 3 ( )

where the flow rate ratio for the trachea rg, is 1.
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