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Abstract

Newborns admitted to the neonatal intensive care unit can suffer from various respiratory diseases
due to prematurity or abnormality. Tracheomalacia (TM) is an airway condition characterized by
airway collapse during breathing. Newborns diagnosed with TM may require respiratory support
for breathing and there is no reliable method to quantify the breathing effort. The standard
diagnosis for TM is bronchoscopy. However, bronchoscopy cannot precisely evaluate the severity
of the disease and measure the effect of airway motion on airflow. This study aims to quantify
airflow measurements such as work of breathing, airway resistance, and pressure in the central
airway (trachea and main bronchi). Magnetic resonance imaging (MRI) was used to obtain the
airway anatomy and motion during the breathing cycle. The acquired MR images were
reconstructed based on respiration to obtain four MR images that show four main breathing phases
(end expiration, peak inspiration, end inspiration, and peak expiration). Airway surfaces were
segmented from MR images to create virtual airway models. Surface registration between the
airway surfaces at each phase of breathing was used to obtain the physiologic motion during the
breathing cycle. However, MRI cannot quantify airflow measurements alone. Computational fluid
dynamics (CFD) is a well-known technique to model the airflow in airway models derived from
MRI. Virtual airway models, airflow rates and airway motion were obtained for each subject and
used as inputs for the CFD simulation. The main bronchi's airflow rates were obtained using the
lung tidal volumes and the free induction decay waveform. Using these techniques, three studies
were performed to investigate the effect of TM on neonatal respiration. The first study investigates
the effect of airway motion on breathing by comparing airflow measurements in dynamic airways

with static airways in four subjects with TM and without TM. Results indicated that CFD
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simulations should be performed using dynamic airway models and when dynamic imaging is not
available, static imaging should be acquired at the correct phase of breathing. The second study
calculates the increase in tracheal resistive work of breathing per day due to airway motion using
14 neonatal subjects (8§ TM, 6 non-TM). For each subject, 2 CFD simulations were performed. The
first simulation used an airway model with dynamic airway motion and the second simulation used
a static airway which represented the biggest airway of each subject. The study showed that
neonates with TM have a nearly five times increase in breathing effort due to airway motion
compared to the static airway. The third study investigates the effect of the glottis on airflow in 21
neonatal subjects (11 TM, 10 non-TM). The glottis motion during the breathing cycle was
measured and the total pressure loss along the airway was calculated using individual CFD
simulations. The study showed that neonates with TM self-generate positive end expiratory
pressure (auto-PEEP) by narrowing their glottises during breathing. The studies presented in this
dissertation provide clinically relevant information that can enhance patient care and health based

on MRI and CFD, both of which rely on basic Physics principles.
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1 Human Respiratory System

This chapter covers the anatomy of the human respiratory system and illnesses affecting
the airway and lungs. The respiratory system includes the airways, lungs, and pulmonary blood
vessels. The main purpose of the respiratory system is gas exchange. This study focuses on

newborns with tracheomalacia (TM) who are admitted to the neonatal intensive care unit (NICU).

1.1 Airway

The primary function of the airways is to transfer air in and out of the lungs to perform gas
exchange: inhaled O; into hemoglobin and the exhalation of CO,. The respiratory tract is divided
into two regions, upper airway and lower airway/lung. The upper airway includes the nasal cavity
to larynx and the lower airway includes trachea to alveoli in the lungs. One of the functions of the
upper airway is to warm inhaled air to body temperature [1]. The upper airway is not the focus of

this thesis, but it is required as the inflow to the larynx.

This thesis investigates the airflow in the larynx and the central airway, which includes the
trachea and the main bronchi. The trachea is commonly known as the windpipe and it is composed
of incomplete cartilage rings, forming a “C”-shape. In the opening of the “C”, a membrane called
the trachealis allows the trachea to change size and shape during breathing. In preterm newborns,
the internal diameter of the trachea varies between 2 - 4 mm [2]. The main bronchi that are
connected to the left and right lungs are attached to trachea at the carina. The larynx is commonly
referred to as the voice box. The main functions of the larynx are protecting the lower airways
from food aspiration and producing sound. The opening between the vocal folds in the larynx is

called the glottis and is capable of controlling airflow to the lungs [3]. Furthermore, the glottis is



usually the narrowest location of the airway and therefore is responsible for a large proportion of

airway resistance [4,5].

Nasopharynx —

Upper
airway
Glottis —%
Trachea
Main
bronchi

Figure 1.1: Neonatal airway from nasopharynx to main bronchi
When the thorax enlarges, the pressure inside the pleural cavity (intrapleural pressure) falls below
atmospheric pressure during inspiration. As a result, air flows in. When the thorax compresses, air
flows out during expiration due to the elevated pressure in the pleural cavity. Figure 1.2 indicates

the pressure inside the pleural cavity and airways relative to atmospheric pressure.

Inspiration Expiration

Patm Pa_tm

Pleural cavity

Figure 1.2: Airway pressure during breathing. Black arrows denote the airflow direction and

Ptm stands for atmospheric pressure.



1.2 Airway Diseases

In this research study, neonates with airway diseases such as TM and tracheoesophageal fistula/

esophageal atresia (TEF/EA) are investigated.

1.2.1 Tracheomalacia

In pediatrics, TM is an airway condition due to dynamic collapse in the trachea during
breathing. One of the causes of the dynamic collapse is the softness in the tracheal cartilage [6,7].
The trachea also narrows during expiration due to increased intrapleural pressure in the pleural
cavity [8]. According to previous studies, there is at least one pediatric subject diagnosed with
TM for every 2100 children [9-11]. The gold standard for diagnosing TM is bronchoscopy [12].
Although, current studies have proposed various methods to diagnose TM via imaging, such as
magnetic resonance imaging (MRI) and computed tomography (CT) [13—15]. These studies have
measured the cross-sectional area change during inspiration and expiration to quantify the
differences in health and disease subjects. Figure 1.3 demonstrates the difference between the

cross-sectional area in a subject with and without TM.

Neonates with TM have breathing difficulties due to dynamic collapse. Newborns may
require positive pressure support using high flow nasal cannula (HFNC) or RAM continuous
positive airway pressure (CPAP) to keep the airway lumen open during breathing [6,16,17]. More
severe cases are intubated using an endotracheal tube or use mechanical ventilation to support
breathing [18]. Several surgical procedures such as aortopexy, tracheopexy, and stent placement
are necessary to manage severe TM cases [6,7]. Newborns with TM are often comorbid with other
diseases, such as bronchopulmonary dysplasia (BPD) and TEF/EA [9,10,19]. Currently, there is

no technique to quantify the effect of dynamic collapse and how it affects airflow during breathing.



Nasopharynx

A

Main bronchi

(A) (B)

Figure 1.3: Mid-tracheal cross-section in a subject without TM (A) and with TM (B) at peak
expiration. The subject without TM has a more circular cross-sectional plane than the subject

with TM.

1.2.2 Tracheoesophageal Fistula/ Esophageal Atresia

Tracheoesophageal fistula (TEF), a congenital abnormality where trachea and esophagus
are connected. Esophageal atresia (EA) is a condition in which the esophagus is split into two tubes
that are not connected. TEF/EA may occur in a newborn in five different forms and the most
common of which is Type C, where the lower esophagus is attached to the trachea [20][21]. Figure

1.4 illustrates the differences between each type of TEF/EA.

The prevalence of TEF/EA is 1:2500 to 1:4000 in newborns [22]. Newborns with TEF/EA
have breathing difficulties and may exhibit respiratory distress [23]. In addition, vomiting,

coughing, and choking are some of the symptoms due to aspiration [24]. Ultrasound scans can be



used to detect TEF/EA before birth and chest x-ray is used to diagnose after birth [21,25]. Surgery

is needed to connect the two ends of the esophagus or/and to remove the fistula [26].

Normal Type A Type B

Esophagus Trachea EA without TEF EA with proximal TEF

11l i

Type C Type D

EA with proximal
and distal TEF

)

I')

EA with distal TEF TEF without EA

U

|
( : [
{

Figure 1.4: Types of tracheoesophageal fistula/ esophageal atresia.

1.3 Lungs

The core function of the lungs is to provide oxygen into the bloodstream while also
removing carbon dioxide. There are approximately 23 branching tubes starting from the trachea to
alveolar sacs [27]. The first 17 generations are in the conducting zone (largely governed by
pressure-driven flow) and the rest of the generations are in the respiratory zone (largely governed
by thermal diffusion). The airway volume in the conducting zone is called the dead space (~ 130-

180 ml) and the respiratory zone performs the gas exchange [27].

10



During inspiration, the diaphragm (muscle underneath the lungs) contracts to create
negative intrapleural pressure allowing air to flow in. During expiration, the lungs deflate on their
own due to the elastic nature. In most cases, the right lung is bigger than the left lung. Small
airways in the respiratory zone begin to grow during the later weeks of gestation. Prematurely born
neonates have underdeveloped lungs that are unable to function. The increased intrapleural
pressure in the thorax affects the airflow in the trachea, particularly during expiration. BPD is one

of the lung diseases associated with premature newborns.

1.4 Bronchopulmonary Dysplasia

BPD is a serious pulmonary disease caused by preterm birth, which requires respiratory
support to survive during the early stage of life. The definition of BPD is newborns receiving
oxygen therapy for at least 28 days and based on the respiratory support at 36 weeks post-menstrual
age (PMA) [28]. Based on the severity, it is further divided into three categories, mild, moderate,

and severe. There are more than 10,000 cases in the United States every year [28-30].

BPD is mainly evaluated using Chest x-ray and CT. However, these imaging techniques
expose neonatal subjects to ionizing radiation. Recent studies show that MRI can be used to
evaluate subjects with BPD and correlates well with MRI findings [31-33]. Higano et al. [31]
showed that lung disease severity based on Ochiai scoring [33] has a significant correlation with
respiratory support at the NICU discharge (p <0.0001). Subjects with BPD also have airway issues
such as tracheobronchomalacia, which require treatment. In addition to respiratory support,
subjects with BPD receive diuretics to clear excess water in the lungs, bronchodilators to relax

airway muscles, and anti-inflammatory medications to reduce swelling in the airways [34-36].
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2 Nuclear Magnetic Resonance and Magnetic

Resonance Imaging

2.1 Nuclear Magnetic Resonance

2.1.1 Nuclear Spin and Larmor Frequency

Nuclear spin, 7 is the total angular momentum of a nucleus. In 1922, Stern and Gerlach
discovered that spin is quantized and is a fundamental magnetic property [37-39]. Nuclear spin
varies from / = 0 to / = 8 in 1/2—unit increments. Nuclear spin is zero for nuclei with an even
number of protons and neutrons such as “He and '°O. Nuclear spin is a positive integer if the
number of protons and neutrons are both odd numbers. The nuclear spin of °Li and '°B is 1 and 3,
respectively. Nuclear spin is a half-integral if the nuclei are a combination of odd/even or even/odd

protons and neutrons. For example, 'H, '*Xe, !°F, 3'P elements nuclear spin is Y.

In the presence of an external magnetic field, nuclei with non-zero nuclear spin align
parallel or anti-parallel to the direction of the magnetic field and can be perturbed by an alternating
field normal to the external field. This phenomenon is called nuclear magnetic resonance (NMR).
Nuclear spin of %2 nuclei splits into two energy levels and the energy difference, AE can be written

as,

AE = hf (2.1)

where h is the Planck constant (6.626 x 10* Js) and f is the frequency of the absorbed

or emitted electromagnetic energy.

The precession rate of the nuclear spin is defined as the Larmor frequency, w,.

12



wo = ¥YBy (2.2)

where y is the gyromagnetic ratio which depends on the nuclei and B, is the external

magnetic field.

2.1.2 Magnetization Vector Components

Let’s consider a spin ensemble in an external magnetic field, §ext applied in z direction. The total

magnetization, M can be expressed using the volume, V and the summation of each spin magnetic

N
moment, U; as,

L 1.
M=;Zui (2.3)
l

Neglecting the each spin ' interaction with the surrounding, individual spins interaction can be

written using the equation of motion as,

ICdi Y- U3
72 dr = v Qi * e G4
i i
Equation (2.4) reduces to,
aM
W: YM X Beyt (25)
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Figure 2.1: Magnetization vector in a spin ensemble

The longitudinal component of the magnetization vector, M || can be written as,

The transverse component of the magnetization vector, M| can be written as,

M, = M2 + M,y

Using equations (2.5), (2.6), and (2.7),

= yYM; X Byt

14
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2.1.3 Free Induction Decay

The net magnetization vector at thermal equilibrium points in the same z direction as the external

magnetic field.

The total magnetization, M, at thermal equilibrium can be expressed for a spin 2 case as follows.

2h2
M,= M, =2 ZkT B,  (hwy < kT) (2.10)

where p is the spin density and i = % .

When a pulsed magnetic field (BT) applied in the transverse plane orthogonal to Eext = ByZ by
using a radio-frequency (RF) coil, the ensemble magnetization starts rotating in the direction of
the applied magnetic field, BT After the pulsed magnetic field, the net magnetization vector
pointed in the transverse direction precesses about the z-axis at the Larmor frequency. The induced
signal due to change of magnetization can be detected using a LC circuit (often the same coil as
used for transmission) and the receiver signal is called the free induction decay (FID). The angle
of rotation, which is known as flip angle () measured from the z-axis depends on the applied RF

pulse duration, t and the strength, B;.

B = yBit (2.11)
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Figure 2.2: Free induction decay signal at off-resonance frequency of 3 kHz.

2.1.4 Relaxation Times

After applying a RF pulse, FID signal decays over time exponentially as shown in the above Figure

2.2. There are two types of relaxation time constants.

The first type of relaxation, T; is known as spin-lattice relaxation. Spins transmit energy to the
environment (lattice) and the longitudinal magnetization vector recovers in the direction of the

magnetic field Bo. The rate of change in longitudinal magnetization can be expressed as follows.

dMZ—l(M M,) 2.12

Assuming no induced longitudinal magnetization at t = 0, the solution of the above equation can
be written as,

M,(t) = Mp(1—e t/T) (2.13)
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The second type of relaxation, T, is known as spin-spin relaxation. Spins within the ensemble
dephase over time due to changes in the magnetic fields. The net magnetization vector rotates in

the x-y plane and the transverse magnetization can be written as follows.

dt = YMy X Byt — T_2 M, (2.14)
A simplified solution of the above equation can be written as,
M, (t) = Mye U/ (2.15)

The transverse magnetization decays faster due to inhomogeneity of the static magnetic field,

§ext. The observed T, is called T, and it is always shorter than or equal to true T, initiated by

atomic and molecular interactions.

1 1 1
= (2.16)
TZ T2 TZ,inhomg

The rate of change of the magnetization vector can be written by combining equations (2./2) and

(2.14) as,

aM - 1 1
— = yYM X Boye + —=(Myg— M)2— — M (2.17)
dt ext T1 0 z TZ 1

This vector equation is known as Bloch equation.
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2.2 Magnetic Resonance Imaging

The concepts described under NMR are used in magnetic resonance imaging (MRI). The
human body is up to 60% water, which consists largely of hydrogen atoms [40]. The water
percentage in a healthy newborn and a premature newborn is approximately 70% and 80%,
respectively [41]. In the presence of an external static magnetic field, a spatially changing magnetic
field (that is, a field gradient) allows spatial localization of signal via spatially changing frequency.

The detected frequencies and phases can spatially map to an image using the Fourier Transform.

2.2.1 Fourier Transform

The Fourier transform is a mathematical technique that can be used to decompose the output signal

of the MR into a frequency domain.

The continuous Fourier transform and inverse Fourier transform as follows.

van=mm=j £ ()emizmex gy (2.18)

+00
F g0} = f) = | gCe™dk 2.19)
where f(x) represents the spatial domain function and g(k) represents the frequency domain

function.

2.2.2 k-Space

In MR physics, k-space represents the spatial frequencies of the MR image. The Fourier transform
is used to decompose k-space (g(kX, Ky, kz)) data to image-space (f(x,y,z)) either in two-

dimensions or three-dimensions.
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+ 00
F{f 0,y 2)} = g(ku Ky, k) = ff f(x,y, z)e #rlaxtkyy+ka?) gy dydz (2.20)

+ 00
FHglkx ley kr)} = f(x,,2) = ff g(ky Ky, ki, )e2m Rty +iad dk die,dk, (2.21)

2.2.3 Spatial Encoding Gradients

In MRI, there are three different magnetic field gradients applied consecutively to localize spins

spatially. They are slice selection, phase encoding, and frequency encoding gradients.

Consider a volume element with spin density p(x,y, z) at zyZ. If the thickness of the slice is Az,

the frequency of the spins in that volume element can be written as,

Aw = yGsAz (2.22)

where Aw represents the applied RF pulse bandwidth and Ggg is the slice selection gradient.

After the slice selection, phase encoding gradient, B,(y) = Gpgy is applied perpendicular to the

slice axis for a time period of 7.

Frequency encoding gradient, B,(x) = Ggpx is also known as readout gradient, is applied

perpendicular to both slice selection and phase encoding gradients for a time period of ¢.

The acquired signal can be written as follows.

S(GPE; t) = ff p(x, Y, Zo)e_i(VyGPET"'VXGFEt)dxdy (2.23)

19



s(kx ky) = ﬁ p(x,y,zy)e kXt kyY) dydy (2.24)

where kx = %GFEt and ky = %GPET.

2.3 Ultrashort Echo Time MRI

Imaging of the lungs is challenging due to low proton density in the lung parenchyma and
shorter T, (~2 ms) due to inhomogeneous magnetic susceptibility of the lungs [42-44]. X-ray CT
has been used as the traditional method of imaging the lungs. However, CT exposes patients to
high doses of ionizing radiation, which increases the risks of cancer [45,46]. Previous studies have

shown that pediatrics have a higher risk of cancer than adults as a result of CT [47,48].

For neonates, MRI is the most suitable imaging method as this technique does not expose
to ionizing radiation and does not require sedation. Ultrashort echo time (UTE) technique acquires
raw data starting at the center of k-space and uses radial pseudo-randomized sampling scheme.
This technique has improved the signal-to-noise ratio in the lung tissue by reducing echo time to
0.2 ms (echo time is defined as the duration between the mid-point of the RF pulse and the
beginning of the data acquisition) [49-52]. This short echo time allows rapid data sampling after
spin excitation. In this work, 3D radial UTE MRI was performed for each neonate at 1.5 T scanner

sited within the NICU. The following imaging parameters were applied [53-55].
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Table 2.1: UTE MRI parameters

Imaging parameter Value
Image resolution 0.7 mm (3D isotropic)
Flip angle 5°
Echo time 200 ps
Repetition time 5.2 ms
Number of projections ~200,000
Field of view 18 cm
Scan time ~16 minutes

2.4 Respiratory Gated UTE MR Images

Previous studies have reported that the magnitude or phase of the initial point of each FID
signal can be used to trace physiologic motion at the time of MRI [55—-60]. This is only possible
with center-out trajectories and the following Figure 2.3 shows the modulation of the initial
magnitude of FID signal due to the neonate’s quiescent breathing and bulk motion. The time
intervals caused by the bulk motion of neonates can be easily determined. The removal of bulk

motion increases image quality and decreases motion blurring in non-sedated neonates.
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Figure 2.3: Initial phase of FID signal due to quiescent breathing and bulk motion. Raw data and

smoothed waveform are shown in black and blue, respectively.

Higano et al. [55] have shown that UTE MR images can be reconstructed after removing bulk
motion. Since this method acquires k-space projections in a pseudo-random order, the entire k-
space is still covered uniformly. These images show less blurring and the signal-to-noise ratio of
the lung parenchymal and airway are accurate, compared to images with bulk motion.
Furthermore, these MR images can be gated based on breathing and reconstructed to achieve
images showing various stages of breathing such as end inspiration and end expiration [55,61,62].

In this work, MR images of each neonate were gated based on breathing to obtain four
images that demonstrate four phases during breathing (i.e. end expiration, peak inspiration, end
inspiration, and peak expiration) [54,55,60]. Matlab R2019b (The MathWorks, Inc.) software was

used to process the FID data. The magnitude or phase of the FID signal was selected based on the
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signal-to-noise ratio of the respiratory signal (peak-to-peak). After removing the bulk motion, a
low-pass filter was applied to obtain the smoothed waveform shown in Figure 2.4A. The frequency
that corresponds to the highest peak in the amplitude spectrum of the FID was used as the low-
pass frequency.

Each breath, inspiration and expiration phase amplitudes were used to assign projections
for each respiratory phase bin (end expiration, peak inspiration, end inspiration, and peak
expiration). Data points from the center of the end expiration time point to the center of the end
inspiration time point were assigned into four bins based on the inspiration phase-amplitude as a
percentage (end expiration- 12.5%, peak inspiration- 25%, end inspiration- 12.5%, discarded data-
50%). Similarly, expiration phase-amplitude was used to assign data points into four bins (end
inspiration- 12.5%, peak expiration- 25%, end expiration- 12.5%, discarded data- 50%). Note that
data between these bins were discarded to reduce motion blurring (discarded data is shown in
brown, Figure 2.4A). The sampling density compensation method was used to reconstruct each
respiratory phase image [49,63,64].

Figure 2.4B compares the tracheal cross-section in a subject with TM at each phase of
breathing. The tracheal cross-sectional was smaller in the end expiration time point than at the end
inspiration time point. The peak inspiration and peak expiration images demonstrate intermediate

changes of the tracheal cross-section.
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Figure 2.4: (A) Initial phase of the FID waveform over a 4s window during the MRI scan. Raw
data colored in black and smoothed waveform was divided into four bins based on respiration (end
expiration-yellow, peak inspiration-blue, end inspiration-green, and peak expiration-orange). (B)
Axial plane of the thorax in a subject with TM at each phase of breathing. Reprinted with
permission of the American Thoracic Society. Copyright © 2021 American Thoracic Society. All

rights reserved [54].
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The entire FID waveform was used after removing bulk motion to obtain the ungated image,
representing an average image taken over many breathing cycles during the scan. Figure 2.5
compares an ungated image and a gated image at end expiration of a neonatal subject with TM.

The image on the left was blurred due to motion compared to the gated image on the right.

Ungated image Gated image- end expiration

Figure 2.5: Comparison of the ungated image and the gated image (coronal plane). The gated

image represents the end expiration time point.
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3 Computational Fluid Dynamics

3.1 CFD Basics

Computational fluid dynamics (CFD) simulations are based on mathematical modeling and
numerical methods. Basic Physics principles are applied in CFD to study a fluid problem. In CFD,
all liquids and gases are considered fluids. The conservation of mass, conservation of momentum,
and conservation of energy are the main principles used in CFD. The Navier-Stokes equations,

which describe the fluid flow, are based on these principles.

3.1.1 Conservation of Mass
Fluid mass cannot be created or destroyed. For example, let’s consider a stationary cylindrical pipe
where water flows from A to B as shown in Figure 3.1. The water flow rate at A is equal to the

water flow rate at B.

Figure 3.1: A cylindrical pipe with water flowing from A to B. The water flow rate at A and B

cross-sections are equal.
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The change of mass, m can be written as,

dm ) )
’r = 1y — Mg (3.1)
Since, mA = ThB,
dm — 0
dt
m = constant (3.2)

Continuity equation

Let’s consider a control volume with dimensions dx, dy, and dz.

Figure 3.2: A stationary control volume where mass is flowing in x direction
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The mass flow through dydz surface can be written as,

My in = pudydz (3.3)

where p, u represents the density and velocity of the fluid in x direction, respectively.

Inside the control volume, fluid has traveled a distance dx and has a different velocity than u at

the beginning.
The change in mass along dx can be written as,

. d(pu
dmiy i = E?x ) dx (3.4)

Therefore, my ¢ 1s the addition of change in mass and the mass flowing into the control volume.

d(pu
T out = (pu + (ap - )dx) dydz (3.5)

The mass flow difference in the x direction is,

a(pu)d dydz (3.6)

Myin = Myour = —
Similarly, the mass flow difference can be written in y and z directions. If the mass flowing

velocities in y and z directions are v and w, the total mass flow difference is,

me Zmout —Md xdydz —%d xdydz —%d xdydz (3.7
Since our control volume (pdxdydz) is fixed, the mass flow difference can be expressed as,

om ap
3.8
Fraialie dxdydz (3.8)

Using equations (3.7) and (3.8),
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dp d(pu) d(pv) d(pw)

% dxdydz = — o dxdydz — W dxdydz — “ar dxdydz
op _ 0(pw) d(pv) d(pw)
ot dx dy 0z (3.9)

Equation (3.37) can be written in vector form using the velocity vector u = (u, v, w)

9
a_‘z+ Vepu=0 (3.10)

Equation (3.10) is called the continuity equation and it represents the conservation of mass.
For incompressible fluids, p is constant and continuity equation simplifies to

V-u=0 (311)

The above equation represents that to keep the density of the fluid constant, the divergence of the

fluid velocity is zero. In this work, air density was assumed to be constant.

3.1.2 Conservation of Momentum

Newton’s second law of motion is applied to demonstrate the conservation of momentum.
Let’s assume our control volume shown in Figure 3.2 now moves in x direction with a velocity u.
The mass of the control volume is pdxdydz and this volume may have an acceleration (a,) in the

x direction.

Since velocity u depends on x, y, z, and t, using the chain rule,

_du  Oudt Oudx Oudy Oudz

%= Gt T drde T axdr T ayar T ozadr (312)

Equation (3./2) can be expressed using velocity components u, v, and w in x, y, and z directions,

respectively.
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B du B ou ou ou Ju B Du

a, = d_t_ E-I_ u§+ U@‘FWE— E

L J
L Y J L r J Y

(3.13)

Local Convective Material

acceleration acceleration derivative

Similarly, acceleration components in y and z directions can be derived as well. Using velocity

vector u = (u, v, w), the material derivative is,

—=—+ (u-Vu (3.14)

There are mainly 3 different forces acting on the control volume. They are called body forces,
pressure forces, and viscous forces. The body force is due to the gravity acting on the control
volume. The pressure forces act normal to the surface of the control volume and viscous forces are
due to the friction. These viscous forces are also called surface forces that can act both normal and

tangentially.

Let’s define body force per unit mass as fg, and pressure forces acting normal to the surface as p
a . o a . o o

and p + ﬁdx in x direction. The term ﬁdx is called the pressure gradient in x direction. As

shown in Figure 3.3, there are six surface forces that act in x direction. These forces are called
shear stress (7) that acts parallel to the surface. For example, the shear stress acting on a plane

normal to the y-axis in x direction is called 7,,.
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Figure 3.3: Forces act on control volume in x direction

All forces (F;) act on the control volume in x direction can be written as,

a a XX
Fy = fgxpdxdydz + [p - (p + a—zdx)] dydz + [(TXX + ki dx) - ‘[XX] dydz

0x
a‘[yx asz
+ [l Tyx + Jy — Tyx|dxdz + [(rzx + Fp dz) - rzx] dxdy (3.15)
After simplifying,
Op 0Ty  0Tyy 61’2x
= - — dxdyd 1

Since we know all forces, mass and acceleration of the control volume, we can write Newton’s

second law in x direction.

E, = pdxdydz.a,
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Op 0Ty  0Tyy 0Ty

Du
<f3xp ~ + I + dy + P >dxdydz = pdxdydz Dt

Op 0Ty  0Tyy 0Ty Du

fo'D_a_i_ ax T dy T %z - Pt

(317)

Similarly, we can apply Newton’s second law in y and z directions as well. We can write equation

(3.17) in vector form as,

Du
pFg — Vp + V-7 = pE (3.18)

Tex Txy Txz
where, Fg is the body force vector per unit mass, stress tensor (1) = |Tyx  Tyy Tyz|.
Tzx Tzy Tzz

Equations (3.18) and (3.10) are called the Navier-Stokes equations.

For incompressible fluids, T can be written as,

7= pu(Vu+ (Vu)T) (3.19)

where L is the dynamic viscosity of the fluid.

Using equations (3.11), (3.14), (3.18), and (3.19)

pFg — Vp + uV?u = p(g—l:+ (u-V)u) (3.20)
— N N \ | ,

Body Pressure  Frictional Material

force force force derivative
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3.1.3 Conservation of Energy

The conservation of energy states that the total energy inside a closed system (control
volume) is constant (energy cannot be created or destroyed). In this work, the air temperature
inside the airway is assumed to be at 37 °C and no heat transfer to the surrounding area (i.e.
isothermal and adiabatic process). More details on the first law of thermodynamics and how

conservation of energy applied in fluid dynamics can be found in this book chapter [65].
3.2 Implementation for Solving Navier-Stokes Equations

The commercial CFD package, STAR-CCM+ (Siemens PLM Software) versions 11.06.011-R8
and 14.04.011-R8 were used in this work to solve Navier-Stokes equations for incompressible

flow. These flow governing equations were discretized and solved using a segregated method [66—

69].

Previous sections explained how mass, momentum and energy transport through the fluids. We

can write the more general equation for momentum neglecting body force term,

d
p(a—l:+ (u-V)u) = —Vp + uViu (3.21)

Using divergence theorem, the continuity equation for incompressible fluid derived in equation

(3.11) can be written as,

fu. da=0 (3.22)

where da is the vector representing the surface of the fluid element.
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The equation, (3.21) can be expressed in integral form as,

0
J.pudV + jgpu®u-da=—j£pl-da + ft-da (3.23)
at A A A
l—T—J (—Y—) L Y J L Y J
Transient Convective Pressure Viscous
term flux gradient flux

where V represents the cell volume, ® represents the outer product, I is the identity matrix, and t

is the viscous stress tensor.
Equation (3.21) can be written for a scalar, @ with diffusion coefficient, D as,

9p@

a5 TV (pu@) = V- (DVQ) (3.24)

Above equation can be written in integral form,

3t p(Z)dV + %p(bu-da = 5[)DV(ZS-da (3.25)
A A

The transient term, the first term of the left-hand side denotes the time dependent of the fluid
property @. The second term of the left-hand side indicates the changes due to convection of the
fluid property. The right-hand side denotes the changes due to diffusion of the fluid property within

the volume domain.

After applying integration approximations, equation (3.25) can be written in discrete form,

£ (pov) + Z [P0 u-a)], Z(D\m )y (3.26)

where f denotes the face of each cell in the mesh.
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In STAR-CCM+, second order implicit unsteady approach was implemented to discretize the
transient term. The unsteady solver uses the solution at the current time point and the previous two

time points. The convective flux term can be discretized as shown in equation (3.27).
(p8(u-a)) = (m@), =m0, (3.27)
where 1h; represents the mass flow rate of the volume domain.

The diffusion term can be expressed in discrete form as,

(DV@-a); = D;Vp;-a (3.28)

where Dy denotes the harmonic average of the volume domains.
The diffusion flux of the interior face can be written using fluid properties @, @1,
DiV@;-a= Df[(®; — Dp)a-a + Vp-a — (V@-ds)a-a] (3.29)
where,

ds = distance between the neighboring cells

_a
“= a2 ds

2
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3.2.1 Large Eddy Simulation

Navier-Stokes equations are numerically solved without any turbulence model. However,
it is computationally expensive and time consuming. To overcome these challenges, a turbulence
model can be used. In this work, large eddy simulation (LES) mathematical model was applied to
solve Navier-Stokes equations. In LES, large-scale turbulence is resolved and small-scale

turbulence is modeled. LES acts as a low pass filter to Navier-Stokes equations.
In this technique, fluid property, u can be divided into a filtered value, & and a sub-grid value, u'.

u=u+u (3.30)
The wall-adapting local eddy-viscosity (WALE) subgrid-scale model was implemented that is
based on velocity gradient. This subgrid-scale model is capable of modeling flow near the walls
and much faster than the dynamic Smagorinsky model [70,71]. Previous studies have

demonstrated that LES is an efficient method to model turbulent and transitional flow within the

airway [72-74].

3.3 Meshing

A CFD mesh separates the virtual airway segmented from an MR image into small cells. Each
airway included prism layers on the wall and the rest was constructed using polyhedral cells. Bass
et al. [75] showed that an airway with polyhedral cells required fewer number of cells and
converged faster than airway with tetrahedral cells. The prism layers provide more accurate results
near walls by capturing high velocity gradient in the direction normal to the wall and reduce
misalignment of the flow with the mesh [76]. Airway surfaces have approximately 2 million cells
and a temporal resolution of 0.8 ms which was based on the convergence study explained in section

3.4.1 Each inlet and outlet of the airway included extruded sections that extended the CFD mesh
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beyond initial lengths. These extensions are 30 mm long and can avoid backflow due to

unsteadiness of the flow.

Inlet

Outlets

Figure 3.4: Discretized airway surface using prism layers and polyhedral cells. Extensions

attached to the inlet and outlets are shown in blue.
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3.4 Convergence

3.4.1 Mesh and Time Step Study

Mesh and time step convergence studies were performed before running patient-specific
CFD simulations. The aim of the convergence study is to find spatial and temporal discretization
parameters that produce mesh and time step independent results, that is the results depend only on
the boundary conditions and not on the discretizations. The following Figure 3.5 shows the total
pressure loss through the trachea (glottis to carina) at peak inspiration in a subject without TM at
different mesh sizes and time steps. Each time step (0.08 ms, 0.8 ms, and 2 ms), five simulations
were performed with five different mesh sizes (0.5 Million (M), 1 M, 2 M, 5 M, and 10 M).
However, the time step of 0.01 ms only has three mesh sizes (0.5 M, 2 M, and 10 M) due to the
run time of the CFD simulation is longer than other time steps. Based on the convergence study
results, all patient-specific CFD simulations were performed with a mesh size of 2 M cells and a

temporal resolution of 0.8 ms.
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Figure 3.5: Total pressure loss through the trachea at peak inspiration at different mesh sizes (0.5

million (M), 1 M, 2 M, 5 M, and 10 M) and time steps (0.01 ms, 0.08 ms, 0.8 ms, and 2 ms).

Table 3.1 shows the errors between different mesh sizes at a temporal resolution of 0.8 ms. The
relative error of the 10 M mesh compared to the 2 M mesh was 0.65%. In terms of the CFD run
time, 2M mesh size with 0.8 ms time step took approximately 250 core-hours to complete up to

peak inspiration. In contrast, 10 M mesh size with 0.8 ms took about 1100 core-hours.

Table 3.1: Mesh convergence study results at the temporal resolution of 0.8 ms

Mesh size (millions) 0.5 1 2 5 10

Total pressure loss of the trachea
70.27 06.28 66.22 66.65 65.79
at peak inspiration (Pa)

Relative error (%) 6.12 0.09 0 0.65 -0.65

39



The following table summarizes the relative errors in total pressure loss through the trachea at peak
inspiration using 2 million cells with different time steps (Table 3.2). The relative error in the total
pressure loss through the trachea at peak inspiration with the temporal resolution of 0.01 ms was

0.63% compared to 0.8 ms time step.

Table 3.2: Time step convergence study results with mesh size of 2 million cells

Time step (ms) 0.01 0.08 0.8 2

Total pressure loss of the
66.64 61.18 66.22 66.39
trachea at peak inspiration (Pa)

Relative error (%) 0.63 -7.61 0 0.26

3.4.2 Kolmogorov Scales

The Kolmogorov length and time scales determine the smallest scales in a turbulent flow. The

kinetic energy of the turbulence disperses into smaller and smaller eddies until it is converted into
heat due to viscous forces. The Kolmogorov scales are dominated by the viscosity (v) and the

turbulent dissipation rate (¢).

The fluctuations in velocity occur due to turbulent eddies and average quantities are considered in

fluid dynamics. To understand Kolmogorov scales, first look at temporal means and variances.
For a specific velocity u,

ulx,y,z,t) = u+u'(x,y,21t) (3.31)
where U and u’ represent time average and fluctuating velocities, respectively.

Time average velocity can be defined as,
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t+T

U= lim= u(x,y,z t)dt (3.32)

Taa)T t

Where T represents the average time period of the sample.

The time-average velocity can be rewritten in discrete form, assuming equally spaced points with

a number of samples (N),

N

1
u= Nz u;(x,y,2,1t) (3.33)
i=0
The fluctuating velocity can be defined as,
u'(x,y,z,t) =ulx,yzt) — ulxy,zt) (3.34)

Variance of the fluctuating velocity can be expressed by,

Var(u) = u'(x,y,2,t)? (3.35)

Using (3.33), (3.34) and (3.35),

Var(u') = u(x,y,z,t)? — (u(x,y, z, t))z

2

N N
Var(u') = ﬁ zul? - %(Z ul-) (3.36)

i=1 i=1

Using equation (3.36), fluctuating velocity components in the turbulent dissipation rate can be

calculated.
_ ) (c’?u)z N (617)2 N (6w>2 N (au)z N (av)z N (au>2 N <aW)2
&€=V 0x dy 0z dy 0x 0z 0x
v\ > ow\ > oudv oudow ovow
i - 337
* (az) +(6y) +2<ayax * 0z0x + 0z0dy >} (337

41



Where u, v, and w denote the fluctuating components of velocity.

The Kolmogorov length scale, # is given by,

|

n= <f)4 (3.38)
&

The Kolmogorov time scale, 7, is given by,

T, = (1_/)2 (3.39)

&

Direct Numerical Simulation (DNS) resolves all flow features in the flow, including large and
small eddies created due to disturbances. In order to compare our CFD simulation to DNS, the
Kolmogorov scales were compared with the finest simulation (i.e. 10 M cells with 0.01 ms time

step) and calculated the length ratio and time ratio at peak inspiration.

) Mean of cubic root volume
Length ratio = ” (3.40)

) ] Time step of the simulation
Time ratio = . (3.41)
n

Since our simulation has a dynamic airway surface, mean value of cubic root volume was used.

Figure 3.6 shows the Kolmogorov length ratio in the airway (pharynx to main bronchi) at peak
inspiration for the 10 M mesh and 0.01 ms time step simulation. The volume-averaged length ratio

was 0.55 [53]. The length ratio was less than one in the majority of the airway, indicating that our
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finest simulation captured the smallest eddies in the flow. However, in the lower part of the airway,

the length ratio was above one and the maximum length ratio was 6.2.

Length ratio

2.0
—

1.5

1.0
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R

Figure 3.6: Length ratio distribution at peak inspiration in the cross-sectional area of the airway

(pharynx to main bronchi)

Figure 3.7 shows the Kolmogorov time ratio for the finest simulation at peak inspiration. The
volume-averaged time ratio was 0.025 and the time ratio was less than one throughout the airway
[53]. These time ratio values indicate that 0.01 ms time step simulation captured all flow features

in the flow.
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Figure 3.7: Time ratio distribution at peak inspiration in the cross-sectional area of the airway

(pharynx to main bronchi)

3.5 Outputs of CFD

3.5.1 Energy Flux

CFD simulations provide airflow parameters such as work of breathing (WOB), pressure
loss, and resistance through the airway that cannot be derived clinically. The instantaneous energy

flux through a plane was calculated to obtain the WOB.

The instantaneous energy flux, @g can be calculated for a cross-sectional plane (A) using the

following equation.
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O = jﬁ Pr(U-1y)dA (3.42)
A
where Py is the total pressure on the plane, U is the velocity vector, and ni, is the unit vector

perpendicular to the plane.

The energy loss (AE") between two cross-sectional planes of the airway over a breathing cycle (T)

can be calculated,

T
AE = -]- (QE,l - QE,Z ) dt (3.43)
0

where @ ; and Qg , represent the instantaneous energy flux through plane 1 and 2, respectively.

The difference between @ ; and @g , is called the power loss between planes 1 and 2.

The energy loss (AE) represents the breathing effort (i.e. resistive WOB) required to overcome
frictional losses due to airflow between 2 points in the airway during a single breath. The daily
WOB can be computed by multiplying AE by the number of breaths per day. Figure 3.8 shows the
instantaneous power loss of the trachea (glottis to carina) changes during the breathing cycle. The

daily WOB of this subject was 108 J.
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Figure 3.8: The instantaneous power loss of the trachea (glottis to carina) during the breathing

cycle

3.5.2 Resistance

The instantaneous airway resistance, R is given by,

R=— (3.44)

where AP is the total pressure loss between 2 points in the airway and Q is the volumetric flow

rate.

Cumulative airway resistance per breath, Rt can be calculated,

T
Ry = J Rdt (3.45)
0
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3.5.3 Reynolds Number

In fluid dynamics, the behavior of the fluid flow is determined based on the Reynolds number (Re)

which is a dimensionless quantity.

Uy D
Re = p% (3.46)

where p is the density of the fluid, U,yg is the average velocity through a cross-sectional plane of

the airway, D is the hydraulic diameter, and p denotes the fluid viscosity.

D can be calculated for an arbitrary shape cross-sectional plane such as a cross-section through the

airway using the following equation.

area of the plane
D=4 - (3.47)
perimeter of the plane

Flow is considered laminar if Re is less than 2400. Flow is considered transitional if Re is between

2400 and 4000. Flow is considered turbulent if Re is over 4000 [65].

The cross-sectional area of the airway and the airflow rate have a direct impact on Re. Figure 3.9
shows the Re along the airway at peak expiration. This graph indicates that Re is fluctuating in a

bigger range and it is over 2300 in some locations indicating the flow is transitional.
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Figure 3.9: Reynolds number along the airway at peak expiration
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4 Generating Boundary Conditions to Run CFD

There are mainly two boundary conditions applied to perform CFD simulations. The first
boundary condition is the airway motion and the second boundary condition is the airflow rates in

the airway. This chapter explains the step-by-step process of deriving these boundary conditions.

4.1 Airway Motion

4.1.1 Airway Segmentation

For each subject, there are four MR images that represent different phases of breathing (i.e.
end expiration, peak inspiration, end inspiration, and peak expiration). Image reconstruction is
explained in Section 2.4. ITK-SNAP (version 3.8.0) software developed by Penn Image
Computing and Science Laboratory, USA was used to derive airway surfaces from MR images
[77]. This software uses a 3-dimensional active contour segmentation technique. The initial
intensity threshold of each MR image was obtained by calculating the average intensity between
the air-filled airway and the tissue surrounding the airway [14,53,54]. Manual corrections may be
needed after running the auto segmentation. Previous studies have demonstrated that to calculate
accurate flow in the trachea, upstream anatomy extending to at least the glottis should be included
[78,79]. Therefore, all our segmented airway surfaces extended from the main bronchi into the

pharynx or nasopharynx.
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Figure 4.1: Segmentation of the airway from nasopharynx to main bronchi. Planes from left;

axial, sagittal, coronal, and 3D rendered surface

4.1.2 Airway Surfaces Registration

A triangulated three-dimensional airway surface was created for each segmentation using
as described in Section 4.1.1. All airway surfaces were smoothed to avoid volume shrinkage before
starting the registration process. Taubin smoothing filter (smoothing parameters; A = 0.6, p =-0.6)

in the MeshLab 2016 (Visual Computing Lab, Italy) software was used to smooth airways [80,81].

Medical Image Registration ToolKit (MIRTK, developed by the Department of
Computing, Imperial College London, UK, https://mirtk.github.io/) version 1.1 was used to
register smoothed airway surfaces by using joined deformable motion tracking method. This
technique allows obtaining the position of the airway at any time point between the main airway
surfaces. Four-dimensional free-form deformation modeling technique was implemented to model

the airway motion [82—85]. This technique is explained below.
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All segmented airway surfaces were mapped to the initial airway surface by using the

following parametric spline function [84,86—88].

Bx60) — x + iﬁ(x;xxl)ﬁ(y;yyl>ﬁ (ZA—Zzl)ﬂ<t ;ttz) 3 @

where @(x,t) is the position of the airway at time t, x = (x,y, z) represents the spatial
position of the first airway surface, S(+) represents the cubic B-spline function, m denotes the
number of nodes in the airway surface, and ¢; denotes the spline coefficient. Since all MR images
were isotropic and 0.7 mm in resolution, control point spaces, Ax, Ay, and Az were chosen as 1.4
mm (a multiple of voxel size). Several registrations were performed to obtain the smooth motion
of the airway surface by changing the control point spacing. The time difference between the

consecutive images of the breathing cycle is denoted by At.

In order to prevent excessive dynamic motion and to avoid folding, an objective function,
E(c) was introduced. Conjugate gradient descent minimization technique was applied to

determine the parameters ¢ in the airway motion model [86].

E(c) = wpb(c) + wed(So, Sk; €) 4.2)

where wy, = 0.001 is a positive weight, b(c) is the bending energy, wg = 1 is a positive
weight, dg represents a distance measure related to airway surface, Sy is a node in the initial mesh,

Sy 1s the number of nodes in the S; mesh.

51



b(c) is defined as,

b(c) = f ii(aagfgz;]c}> (4.3)

where a represents the four-dimensional domain of the airway surface and p = (x,t)

represents a point in the domain.
ds(Sp, Si; ©) is defined as,

1Sol ISkl

ds(So, i ©) = lSlZZAk(c)ullxl x5l (44)

i=1j=

where Ay (c)[i,j] is a weight that varies from 0-1 depending on the arrangement of the

nodes in the mesh. The nearest neighbor approach was used to determine S, and S, values.

||xi — X || , is the Euclidean distance between i and j'" node in the surface mesh [89-91].

Figure 4.2 compares the cross-sectional area between the segmented airway and the
registered airway at end expiration time point. Cross-sectional areas in both airways were equal
along the airway. The volume difference between the registered and segmented airways was

0.00001% compared to the segmented airway.
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Figure 4.2: Cross-sectional area from the nasopharynx to carina in the segmented airway (solid

line: black) and registered airway (dashed line: red) at end expiration time point.

4.1.3 Implementation of Airway Motion in STAR-CCM +

After airway surfaces registration, the position of each surface node in the airway can be
determined at any instant during the breathing cycle. The temporal resolution of the airway motion
was 0.8 ms, which was found from the time-step independence study (section 3.4.1). A table
containing the position (x, y, z) of each surface node at each time interval throughout the breathing
cycle was imported to CFD software, STAR-CCM+ (Siemens PLM Software, Plano, TX). The
inbuilt morphing motion was used to move the nodes of the initial surface based on the control
points table. BSpline morphing method was applied to interpolate the displacement of the surface

vertices. The following figure shows the moving vertices on the initial CFD mesh.
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Figure 4.3: Moving nodes of the initial airway surface are shown in red (zoomed window). The

position of each node changes every 0.8 ms during the breathing cycle.

4.2 Airflow Rates

4.2.1 Lung Segmentation

The lung tidal volume of each subject is needed to derive the airflow rates. The lungs in
the end inspiration and end expiration MR images were segmented using the ITK-SNAP software
with the auto-segmentation technique described for airway segmentation in Section 4.1.1. Manual
corrections were made as needed. The lung volume difference between the two MR images was

taken as the lung tidal volume.
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4.2.2 Median Respiratory Waveform

Neonates may take about 1000 breaths during the 16-minute MRI scan. In order to find a
typical respiratory waveform, a median waveform was obtained from the FID signal data for each

subject. Figure 4.4 represents 10 breaths taken during the time of MRIL.
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Figure 4.4: Initial magnitude of FID waveform, which represents 10 breaths. Red circles denote

the end expiration time point. (a.u. = arbitrary units)

To obtain the median waveform, the total waveform was divided into respiratory
waveforms representing a single breath. From these approximately 1000 breaths, groups of three
waveforms were compared to each other. All three waveforms were stretched to the same length
in time. Each waveform was assigned a score based on how many data points occurred with values
in between the other two waveforms. This step was repeated until all breathing waveforms were

compared with each other. Since the waveform with the highest score may not reflect a normal
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breathing cycle, it cannot be considered the median waveform. The following criteria were

followed to find the best representative waveform.

1) The difference between the inspiration and expiration volume has to be approximately zero
(volume difference error was less than 1% compared to total tidal volume).

2) Expiration volume cannot exceed the inspiration volume.

3) The median wave should be selected within the 20% of the highest scored waves (score

variations between the highest scored wave and 20% of the highest scored waves were small).

After obtaining the median waveform, the amplitude was rescaled based on the total lung tidal
volume. The median breath duration of all breaths was used as the breathing time of the median
waveform. Since the tidal volume of each lung is known, the same median waveform was rescaled
according to each lung tidal volume.

Figure 4.5 shows the right and left lung volume change over a breath derived using the

median waveform.
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Figure 4.5: Lung volume change of the right and left lungs during the breathing cycle. The
dashed line represents the end inspiration time point.

56



4.2.3 Derivation of Main Bronchi Airflow Rates

Right and left bronchus were used as inlets in the CFD simulation. The right and left lung volume

curves were differentiated with respect to time to obtain the airflow rates (Figure 4.6).
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Figure 4.6: Airflow rates of the left and right bronchus

The airflow rates were converted to mass flow rates for use in the CFD simulation. The following
air density values were applied for the conversion depending on the respiratory support used at the
time of MRI by each subject (Table 4.1). All air density values were calculated assuming the air

density was at 37 °C and incompressible during the breathing cycle [92-94].
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Table 4.1: Air density values based on respiratory support

Respiratory support Humidity (%) | Air density (kgm™)
Room air 50 1.1248
HFNC/ CPAP, dry gas 0 1.1381
HFNC/ CPAP, heated gas 100 1.1114

In addition to airflow rates of the main bronchi, the initial pressure at the top of the airway was
assumed to be atmospheric pressure. The airflow velocity at the airway wall was assumed to be

zero relative to the airway wall (no-slip condition).

4.3 Summary

The airway motion and the airflow rates were derived for each subject to perform dynamic CFD
simulations. A commercial CFD package, STAR-CCM+ versions 11.06.011-R8 and 14.04.011-
R8 were used to perform CFD simulations in this study. These patient-specific simulations with
unsteady boundary conditions took approximately 720 core-hours to complete. Chapters 5, 6, and
7 explain how these CFD simulations can be used to obtain clinically relevant information to

improve patient care and well-being.
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S Differences in Respiratory Airflow Parameters due

to Breathing Phase in Imaging

Researchers have limited access to dynamic MRI and only a few research groups use gating
methods to reconstruct images. In Chapter 2.4 we learned that UTE MR images can be gated based
on breathing to reconstruct an image that corresponds to each breathing phase. This chapter will
detail the differences in respiratory airflow parameters in the trachea derived via CFD simulations
using various airway images. All results were published in the journal of Computers in Biology

and Medicine [53].

5.1 Introduction

Respiratory airflow measurements such as WOB, airway resistance, and pressure loss of
the airway cannot be derived clinically but can be obtained by performing CFD simulations.
Previous studies have demonstrated that these respiratory airflow measurements can be used to
improve the understanding between the airway anatomy and airflow of healthy and patients with
airway disease [95-100]. Usually, the airway geometry used for CFD simulation is derived from
medical imaging, MRI or CT [86,96-98,101-103]. These images are usually static and represent
only a one-time point of the breathing cycle or an average image of the entire breathing cycle.
Therefore, the airway geometry in the CFD simulation is also static too. However, airway anatomy

changes size and shape during breathing [104].

CFD simulations without airway motion are often performed with a steady flow rate that
corresponds to a specific time point of the breathing cycle [105]. However, the airway anatomy

derived using MRI or CT may not represent the same phase of breathing compared to airflow rate
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time point. For instance, some studies use a breath-hold at total lung capacity or end expiration to
capture images [98,106,107]. However, several studies have not reported the image acquisition

time point during the breathing cycle [102,108].

A few studies have demonstrated the differences in respiratory airflow measurements
between static and dynamic airway models [109,110]. The pressure loss difference from mask inlet
at the nose to carina between dynamic and static model was 14.6% during inspiration and 19.2%

during expiration in a single study [110].

In this work, one CFD simulation was performed with prescribed realistic airway wall motion
derived via UTE MRI and compared with five static CFD simulations for each subject. The airway
geometries of the static simulations were derived using end expiration, peak inspiration, end
inspiration, peak expiration, and ungated (an average image captured over several breaths) airway
images. In order to compare the differences in respiratory airflow measurements between healthy

and subjects with airway disease, CFD simulations were conducted in a total of 4 subjects.

5.2 Methods

In this study, UTE MR images were obtained in four non-intubated NICU subjects (two
healthy, two with airway disease-TM) after receiving parental consent and the Institutional Review
Board approval. UTE MRI parameters are explained in detail in Section 2.3 Three subjects were
breathing room air and one subject was using a high flow nasal cannula at the time of the MRIL
The healthy subjects used in this study did not have any respiratory issues and the diagnosis of TM
of the other two subjects was confirmed using clinical bronchoscopy. The mean postmenstrual age

of four subjects was 41.6 = 1.8 weeks at the time of the scan.
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MR data of each subject were gated according to breathing and reconstructed into four images
representing different breathing phases (end expiration, peak inspiration, end inspiration, and peak
expiration). More details on image reconstruction can be found in Chapter 2.4. An ungated image
was also reconstructed using all MR data. For each subject, five airway surfaces were segmented
using the ungated and four gated images. All segmented airway surfaces represent the nasopharynx
through the main bronchi. After smoothing airway surfaces, the airway motion of each subject was
obtained by registering end expiration, peak inspiration, end inspiration, and peak expiration
surfaces (Chapter 4.1). Airflow rates were obtained for each subject using the FID waveform and

lung tidal volumes as described in Chapter 4.2.

For each subject, five static (no airway motion) and one dynamic (with airway motion) CFD
simulations were performed (STAR-CCM+ 14.04.011-R8). Static simulations included an ungated
airway geometry and four airways representing the main time points during the breath. Each CFD
mesh had 2 million cells and a temporal resolution of 0.8 ms. More details about the CFD
simulations can be found in Chapter 3. The daily resistive WOB of the trachea (glottis to carina),
cumulative airway resistance per breath, and pressure loss through the trachea at peak expiration
were calculated for each subject to compare cases. Reynolds number along the airway also

evaluated at peak inspiration and peak expiration airflow rates.

5.3 Results

5.3.1 Analysis of the Airway Cross-sectional Areas and Airflow Rates

The airway motion during the breathing cycle changes the size and shape of the airway at each
time point. The following figure demonstrates the cross-sectional area along the airway of the four

subjects in five static airways and in the dynamic airway.
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Figure 5.1: The cross-sectional area along the airway from the nasopharynx to carina of the
subject 1 (A), subject 2 (B) without airway disease, subject 3 (C), and subject 4 (D) with airway
disease (TM). The ungated, end expiration, peak inspiration, end inspiration, and peak expiration
airways are shown in black, blue, orange, red, and purple. The green-colored area demonstrates

the airway motion of the airway. Reprinted with permission [53].
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The mean variation in tracheal cross-sectional area from the end expiration time point to
the time point of most differences in the subject 1, 2, 3, and 4 were 30%, 24%, 91%, and 27%,
respectively. The maximum change in tracheal cross-sectional area in the healthy subjects
(Subjects 1 and 2) was 68% and 223% in the subjects with TM (Subjects 3 and 4). In all subjects,
the end inspiration airway was the largest in cross-sectional area in the majority of the airway than
other time point airways and had the highest airway volume. Figure 5.1C shows that the cross-
sectional area of the end inspiration airway after 50 mm from the nasopharynx was changed by
more than 100% compared to the end expiration. The glottis cross-sectional area changed from 2.6
mm? to 16.6 mm? in subject 4 diagnosed with TM (Figure 5.1D). The cross-sectional area of the

ungated airway was approximately in the middle of the dynamic region in all subjects.

Table 5.1 shows the lung tidal volumes, the ratio of the right to left lung tidal volumes, and the
respiratory rates of all subjects. The lung tidal volume of each subject was derived by segmenting
the end inspiration and end expiration MR images. The right lung tidal volume is approximately

twice compared to the left lung tidal volume in subject 3 with TM [53].

Table 5.1: Respiratory data of the four subjects

Lung tidal volume The ratio of right: left | Respiratory rate
Subject (Condition)
(ml) lung tidal volumes (breaths/min)
Subject 1 (without TM) 7.95 57 :43 79
Subject 2 (without TM) 14.8 48 : 52 83
Subject 3 (with TM) 23.1 65:35 54
Subject 4 (with TM) 13.0 55:45 68
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5.3.2 Reynolds Number along the Airway
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Figure 5.2: Reynolds number along the airway from the nasopharynx to carina for static cases

(blue — end expiration, orange - peak inspiration, red — end inspiration, purple — peak expiration,

black — ungated) and dynamic case (green). (A) and (B) demonstrate the Reynolds number along

the airway in a subject without TM (Subject 2) at peak inspiration and peak expiration,

respectively. (C) and (D) demonstrate the same data for the subject with TM (Subject 3).

Numbers 1, 2, and 3 indicate the locations of the nasopharynx, glottis, and carina, respectively.

Reprinted with permission [53].
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The above plot shows the mean cross-sectional Reynolds number along the airway of a
healthy subject (Subject 2) and a subject with TM (Subject 3) at peak inspiration and peak
expiration. Figure 5.2A shows that the difference in the Reynolds numbers derived using different
airway geometries was small at peak inspiration, except at 45 mm from the nasopharynx in subject
2. In contrast, the Reynolds number fluctuates throughout the airway in subject 3 at peak
inspiration. The Reynolds number changed from approximately 1000 (end inspiration) to 3500
(dynamic) at about 12 mm from the nasopharynx when using different geometries. Similar
behavior can be observed for each subject at peak expiration. The other two subjects (Subject 1
and 4) also showed similar variations in the Reynolds number along the airway compared to

subjects 2 and 3, respectively.

5.3.3 The Effect of Airway Geometry on Respiratory Airflow Measurements

The daily tracheal resistive work of breathing (TR-WOB), cumulative airway resistance in
the trachea over one breath, and the tracheal pressure loss at peak expiration were calculated for
six CFD simulations in each subject to quantify the differences due to various airway geometries.
All static airway CFD results were compared with the dynamic airway results of each subject.
Figure 5.3 shows the daily TR-WOB of the four subjects using static/dynamic airways and the
percentage differences in WOB of the static airways compared to the dynamic airway. The daily
TR-WOB obtained using end expiration airway was 102% higher compared to that value obtained
using the dynamic airway in subject 1 without TM. The daily TR-WOB obtained using end
inspiration airway was 82% lower compared to that value obtained using the dynamic airway in
subject 3 with TM. There was at least one static airway geometry that provides a TR-WOB at least

50% lower or higher than the dynamic airway in the other two subjects (Subjects 2 and 4). Figure
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5.3B also shows that no single static airway, including the ungated airway can be used to reflect

the dynamic airway of each subject.
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Figure 5.3: Tracheal resistive work of breathing of the four subjects calculated per day using
static airways (blue — end expiration, orange - peak inspiration, red — end inspiration, purple —
peak expiration, and black - ungated) and the dynamic airway (green) (A). The percentage
differences in the tracheal resistive work of breathing of the static airways compared to the
dynamic airway (blue - Subject 1, brown — Subject 2, yellow — Subject 3, and gray — Subject 4)

(B). Reprinted with permission [53].
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Similar variations can be observed for integrated airway resistance per breath compared to TR-

WORB in all subjects. The integrated tracheal airway resistance derived using end expiration airway

was 105% higher than that value of the dynamic airway in subject 1 without TM. In subject 4 with

TM, the tracheal pressure drop was more than 38% lower in all static airways compared to the

dynamic airway. Table 5.2 shows the full results of all respiratory airflow measurements [53].

Table 5.2: Respiratory airflow measurements in static airways compared to dynamic airway

Tracheal Resistive WOB

Geometry

Subject 1 (No

™)

Subject 2 (No

™)

Subject 3

(TM)

Subject 4

(TM)

J/Day (% Difference to Dynamic Geometry Case)

End Peak
Expiration | Inspiration
30.79
15.36 (1%)
(102%)

93.43 (- 165.85
13%) (54%)
499.75 (- 605.35 (-
21%) 5%)

31.66 (-
52.81 (2%)
39%)

End

Inspiration

14.22 (-7%)

89.38 (-

17%)

112.76 (-

82%)

17.07 (-

67%)

Peak
Ungated = Dynamic
Expiration
15.55 (2%) | 16.24 (6%) 15.27
85.59 (- 82.80 (-
107.35
20%) 23%)
537.07 (-
341 (-46%) = 635.45
15%)
174.82 24.94(-
51.90
(237%) 52%)

Tracheal Airway Resistance Integrated w.r.t. Time Across One Breathing Cycle

Pa.s?’/ml (% Difference to Dynamic Geometry Case)

67



Geometry

Subject 1 (No

™)

Subject 2 (No

™)

Subject 3

(TM)

Subject 4

(TM)

Geometry

Subject 1 (No

™)

Subject 2 (No

T™)

Subject 3

(TM)

End

Expiration

0.41 (105%)

0.28 (-33%)

2.39 (-227%)

0.17 (-48%)

Peak

Inspiration

0.19 (-5%)

0.50 (19%)

2.71 (-17%)

0.08 (-76%)

End

Inspiration

0.17 (-15%)

0.27 (-36%)

0.39 (-88%)

0.04 (-88%)

Peak

Expiration

0.14 (-
30%)
0.28 (-
33%)
2.52 (-

23%)

0.99

(200%)

Ungated

0.17 (-15%)

0.21 (-50%)

1.39 (-57%)

0.06 (-82%)

Pressure Loss Across Trachea at Peak Expiration Airflow

cmH>0 (% Difference to Dynamic Geometry Case)

End

Expiration

-0.15 (88%)

-0.31 (-3%)

-1.29 (-15%)

Peak

Inspiration

-0.09 (13%)

-0.62 (94%)

-1.30 (-15%)

End

Inspiration

-0.07 (-13%)

-0.32 (0%)

-0.23 (-85%)
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Peak

Expiration

-0.07 (-
13%)
-0.28 (-

13%)

~1.28 (-

16%)

Ungated

-0.09 (13%)

-0.26 (-

19%)

0.74 (-

51%)

Dynamic

0.2

0.42

3.26

0.33

Dynamic

-0.08

-0.32

-1.52



Subject 4 -0.30 (- -0.06 (-
-0.14 (-71%) | -0.07 (-85%) | -0.05 (-90%) -0.48
(TM) 38%) 88%)

5.3.4 Airway Velocity Distribution

The following Figure 5.4 illustrates the airway velocity distribution of the 5 static airways
and the dynamic airway of Subject 4 with TM at peak inspiration airflow. The airflow velocity in
the dynamic airway was lower than the end expiration and peak expiration airways and higher than
the end inspiration and the ungated airway. The end expiration and peak expiration static airways
show a strong jet at the glottis, carina and the middle of the trachea. However, a much weaker jet
can be seen in the end inspiration and ungated airways. The peak inspiration airway demonstrates

a similar velocity distribution compared to the dynamic case except for the glottis area.
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Figure 5.4: Velocity profiles of subject 4 with TM obtained using static airways (end expiration
(A), peak inspiration (B), end inspiration (C), peak expiration (D), and ungated (E)) and the
dynamic airway (F) at peak inspiration airflow. The three cross-sectional planes of each airway
illustrate the velocity distribution of the glottis, middle of the trachea, and carina. Reprinted with

permission [53].
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5.4 Discussion and Conclusions

The cross-sectional areas of the airway geometries obtained at different phases of breathing in
healthy and subjects with TM indicate that the variation in the cross-sectional area is not uniform
among static airways (Figure 5.1). The Reynolds numbers derived along the airway using each
static airway also demonstrate how flow characteristics can change depending on the airway
geometry used for the CFD simulation. The airflow in Subject 3 diagnosed with TM was
transitional as Reynolds numbers passed 2300 in some regions along the airway (Figure 5.2).
These findings reflect how the phase of breathing of the imaging can affect CFD modeling.

The differences between airflow measurements in the dynamic and static simulations
demonstrate the importance of using dynamic airway surfaces to perform CFD simulations (Figure
5.3). The airflow measurements calculated using the CFD simulation with the ungated image,
which represents the average airway position over many breaths during the time of MRI were not
closer to values obtained from the CFD simulation with the dynamic airway. Each static airway
CFD simulation has its own flow characteristics, and future studies may need to report more details

on image acquisition, such as in which phase of breathing the images are captured.

Dynamic airway CFD simulations take an extra 25% core-hours to run compared to static
airway CFD simulations. However, these patient-specific CFD simulations with airway motion
and dynamic flow conditions are capable of providing meaningful information that can help
clinicians to improve patient care and well-being. Future studies need to consider using dynamic
airway modeling instead of static airway modeling. Cine CT or dynamic MRI are a few examples

that can provide dynamic airway images.
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6 Neonatal Tracheal Resistive Work of Breathing

This chapter discusses the tracheal resistive work of breathing in newborns diagnosed with
and without TM. All of the results have been previously published in the journal Annals of the

American Thoracic Society [54].

6.1 Introduction

Neonates diagnosed with TM may require oxygen support due to dynamic collapse during
breathing. Currently, there is no technique to quantify the increased breathing effort (WOB).
Previous studies have calculated total WOB (elastic and resistive WOB) based on the Campbell
diagram by using pleural pressure. In these studies, esophageal pressure was measured as a

surrogate for pleural pressure [111-113].

The primary diagnostic method of TM is bronchoscopy. However, this technique is not
capable of quantifying the degree of severity in TM. In recent studies of newborns, MRI has been
used to evaluate TM, which overlaps well with bronchoscopy findings [13,14]. These evaluations
are based on the airway dynamics and cannot calculate the effect on WOB. To determine the
resistive WOB in the trachea due to airflow, CFD simulations were conducted with airway motion

derived via MRI.

This study hypothesized that the resistive WOB component of the trachea (glottis to carina)
(TR-WOB) in neonates diagnosed with TM is higher than the neonates diagnosed without TM due
to airway motion. Two CFD simulations were performed with patient-specific boundary
conditions (airflow rates and airway anatomy) for each subject to calculate the TR-WOB. The first
CFD simulation uses a dynamic airway derived via UTE MRI. The airway geometry in the second

CFD simulation is static and that geometry represents approximately the largest size detected
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during the breathing cycle. In terms of WOB, the second CFD simulation estimates the lowest
possible WOB of each subject, since holding the airway open at its largest size should reduce
resistance to airflow. The difference between the WOB calculated from the static and dynamic
cases represents the elevated TR-WOB due to each subject's airway motion, which was evaluated

and compared with the diagnosis of TM.

6.2 Methods

This research study included 14 NICU subjects after Institutional Review Board approval
and parental consent. All subjects were non-intubated and were using non-invasive respiratory
support (including free-breathing) at the time of MRI. The diagnosis of TM was evaluated based
on bronchoscopy and three of the fourteen subjects did not undergo bronchoscopy since they were

considered as respiratory controls with no airway or lung defects.

UTE MRI scans were performed for each subject as described in Section 2.3. Four MR
images were reconstructed based on breathing which represents different phases of breathing
(Chapter 2.4). Each airway image was used to segment airway surfaces and these virtually created
airways were registered to obtain airway motion as described in Chapter 4.1. Each airway surface
was extended from main bronchi to pharynx. The airflow rates of the main bronchi were derived
by using the lung tidal volumes and the median respiratory waveform (Chapter 4.2). The airway
motion and the airflow rates were used as boundary conditions (inputs) to perform the first CFD
simulation of each subject. The second CFD simulation was static (without airway motion) and
used the same airflow rates applied in the first CFD simulation. All CFD simulations were
performed using the STAR-CCM+ 11.06.011-R8 version. In most subjects, the end inspiration

airway was the largest in volume and the cross-sectional areas were more prominent in most
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locations along the airway compared to other airways obtained at different time points. The narrow
regions in the end inspiration airway were replaced by using other segmented airways with larger
cross-sectional areas. Figure 6.1 shows how the static airway was made using end inspiration and

peak inspiration airways in an example subject.
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Figure 6.1: The cross-sectional area along the airway of the static geometry and the airway surfaces
at different time points during the breathing cycle. Reprinted with permission of the American

Thoracic Society. Copyright © 2021 American Thoracic Society. All rights reserved [54].

The daily TR-WOB from glottis to carina of the two simulations was calculated as described in
Section 3.5.1. An unpaired t-test (two-tailed, unequal variance) was applied to calculate the p-
values in subjects diagnosed with and without TM in both static and dynamic cases. A paired t-
test (two-tailed, unequal variance) was applied to calculate p-values between static and dynamic

airways. A p-value less than 0.05 was assumed statistically significant.
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6.3 Results

6.3.1 Subject Demographics

The PMA of the study subjects was 41.0 £ 1.5 weeks at the time of MRI. On average, the weight

and height of the neonates were 3.5 = 0.8 kg and 49 + 4 cm, respectively. Table 6.1 shows the sex,

clinical diagnosis, post-menstrual age, weight, and respiratory support at the time of MRI of all

subjects [54].

Table 6.1: Patient information

PMA at
Clinical MRI Weight at Respiratory
Study group Subject | Sex diagnosis (weeks)  MRI (kg) = support at MRI
01 M BEF 40 3.7 Room air
Respiratory
02 F 40.9 3.61 Room air
control
Respiratory
03 M 40.3 3.9 Room air
control
Respiratory
04 F 39.4 2.85 Room air
control
No T™M
05 M BPD 43 3.6 HFNC
06 M BPD 38.7 3.07 HFNC
07 F TEF/EA 40 3.18 Room air
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08 F TEF/EA 40.1 2.7 Room air

09 F BPD 43.1 4.13 Room air

10 M BPD 43.1 5.35 Room air
™ 11 F TEF/EA 41.3 291 HFNC

12 F BPD 43 3.35 HFNC

13 M BPD 41 1.94 RAM CPAP

14 M BPD 39.6 4.2 RAM CPAP

6.3.2 Increase in TR-WOB in a Subject with and without TM

The following Figure 6.2 illustrates the differences in instantaneous TR-WOB per second
for a subject without TM (A) and a subject with TM (B) during the breathing cycle obtained via
CFD simulations. The difference between the moving (red) and static (blue) airway curves
represents the increase in TR-WOB during the breath of each subject. In the subject with TM,
increase TR-WOB is higher compared to subject without TM. Furthermore, increase in TR-WOB
is higher during expiration than inspiration in the subject with TM. In the subject without TM, the
increase in TR-WOB due to airway motion was 36% (daily TR-WOB in moving airway 84.9 J,
daily TR-WOB in static airway 62.2 J). In contrast, the increase in TR-WOB of the subject with

TM was 848% (daily TR-WOB in moving airway 421.7 J, daily TR-WOB in static airway 44.5 J).
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Figure 6.2: The instantaneous TR-WOB per second for a subject without TM (A) and with TM
(B). Red and blue lines in both panels show the TR-WOB in the moving and static airways,
respectively. The end inspiration time point is denoted by black dashed lines. Reprinted with
permission of the American Thoracic Society. Copyright © 2021 American Thoracic Society. All

rights reserved [54].

6.3.3 Velocity Distribution at Peak Expiration

In most subjects diagnosed with TM, increase in TR-WOB is greater during expiration
compared to inspiration. Figure 6.3 shows the airflow velocity distribution in a subject diagnosed
with TM at peak expiration in a dynamic airway (A) and a static airway (B). There is a narrow
region in the middle of the trachea (marked A) in the dynamic airway. As a result, a strong jet
increases TR-WOB in the dynamic case compared to the static case. In contrast, a much weaker

jet can be seen in the static airway.
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Figure 6.3: Airflow velocity profiles of the dynamic (A) and static (B) airway (coronal plane) in a
subject with TM at peak expiration. There is a strong jet at the middle of the trachea in the dynamic
airway due to narrowing. Reprinted with permission of the American Thoracic Society. Copyright

© 2021 American Thoracic Society. All rights reserved [54].
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6.3.4 Analysis of Daily TR-WOB

On average, the daily TR-WOB calculated for subjects without TM was 51.0 + 32.3 J in
the static CFD simulation and 60.4 £+ 35.7 J in the dynamic CFD simulation (Figure 6.4A). In
contrast, the average daily TR-WOB of the subjects with TM was 89.9 + 71.9 J in the static case
and 437.2 +£454.1 J in the dynamic case. Figure 6.4B shows the increase in TR-WOB of all subjects
based on airway condition. The average increase in TR-WOB of the subject without TM was 24%

+ 14% (range 10-38%) and 337% £ 295% (range 50-848%) of the subjects with TM (p < 0.02).

Figure 6.4C shows the increase in TR-WOB due to airway motion based on the respiratory
support at the time of MRI. There were six subjects in each study group using room air or HFNC
and two subjects with TM were using CPAP via RAM cannula during the MRI scan. On average,
the increase in TR-WOB of the subjects without TM was 24% + 14% and 428% =+ 288% of the
subjects with TM on room air/HFNC. However, the average increase in TR-WOB of the two
subjects with TM using RAM CPAP was 67% =+ 23%. This percentage decrease in TR-WOB of

the two subjects with TM suggests that RAM CPAP may have dropped the energy expenditure.
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Figure 6.4: The TR-WOB per day in the static and dynamic airways of the subjects diagnosed with
and without TM (A). The increase in TR-WOB due to airway motion as a percentage compared to
static airway based on airway condition (B) and on the type of respiratory support at the time of
MRI (C). The plot elements: average (cross); median (black line); interquartile range (colored
box); data within 1.5 times the interquartile range below 25% or above 75% (whiskers) * Paired t-

test was used to calculate p-values. Reprinted with permission of the American Thoracic Society.

Copyright © 2021 American Thoracic Society. All rights reserved [54].
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6.4 Discussion and Conclusions

This is the first study that illustrates the increase in WOB component of the trachea in
neonates due to TM. This study demonstrates a new technique to quantify the breathing effort in
the airway regionally, using UTE MRI and CFD. The main takeaway message of this study is that
the TR-WOB of the subjects with TM was higher than the subjects without TM due to airway
motion. Another finding was that RAM CPAP may be able to reduce the energy expenditure of
these newborns who require oxygen to support breathing. More CFD simulations may need to
perform with a larger number of subjects since this finding is based on two subjects. However,
previous studies have reported CPAP increases expiratory flow rates and lung volumes in

newborns with TM by improving lung mechanics [114,115].

Figure 6.4 suggests that airway motion increases TR-WOB in the subjects with TM.
However, TR-WOB calculated using the static airway was also greater in the subjects with TM
than subjects without TM. The results are not statistically significant, but it suggests that tracheas

are not completely open during inspiration with subjects with airway disease.

Previous studies have calculated the total (resistive and elastic) WOB of the respiratory
system [116—119]. The following Table 6.2 is a summary of subject demographics and respiratory
system resistive WOB values of the previous studies [54]. Three studies have calculated WOB
values for neonatal subjects with different respiratory diseases and one study has calculated WOB
values for healthy neonatal subjects. The total resistive WOB of the respiratory system values

reported in the literature is greater than that for healthy neonates.
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Table 6.2: Previous studies subject information and WOB values

Respiratory
Averag | Average system
Average
eageat weightat | Clinical resistive Additional
gestational
Study study study diagnosis WOB remarks
age (weeks)
(days) (kg) (J/day)
Premature
Levy et 33.6+  1.757+ infants nearing
29.7+2.1 Healthy 89.28
al. 1.4 0.248 discharge from
the NICU
Nasal continuous
Median Apnea or
positive airway
Pandit et (range) mild
28+ 1.7 14+ 13 188.64* pressure
al. 1.151 respiratory
(NCPAP) at 0
(0.664 — distress
cmH>0O
1.461)
Respiratory
Bhutani 2.129+
344+£13 <2 distress 616.32 -
et al. 0.598
syndrome
Mild
Courtney 4.6 + 1.092 + NCPAP at 0
27.9+£2.0 respiratory 442.08
et al. 43 0.222 c¢cmH>O
distress

*Calculations are based on the median weight.
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Figure 6.5 shows the comparison between our findings of the TR-WOB and total resistive
WOB of the respiratory system in previous studies. On average, the daily TR-WOB of the subjects
without TM was 60.4 + 35.7 J and 437.2 + 454.1 J of the subjects with TM. Our findings of the
TR-WOB in the subjects without TM is a fraction of the total resistive WOB of the respiratory
system results reported by Levy et al. [116] based on healthy neonates. Similarly, TR-WOB values
reported for subjects with TM is also significantly higher than other studies with different diseases

such as respiratory distress syndrome or apnea.
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Figure 6.5: The daily energy expenditure values of neonates reported in the present study and in
previous studies. Our results show the resistive WOB component in the trachea and previous study
results show the resistive WOB of the entire respiratory system. The plot elements: average (cross);
median (black line); interquartile range (colored box); data within 1.5 times the interquartile range
below 25% or above 75% (whiskers). Reprinted with permission of the American Thoracic

Society. Copyright © 2021 American Thoracic Society. All rights reserved [54].

On average, the increase in TR-WOB compared to static airway was 427.7% in six subjects
with TM using room air or HFNC (Figure 6.6C). This suggests that neonates with TM expend five
times more energy due to airway motion for breathing than its airway held static. The increase in
WOB of the subjects with TM may be greater than the values reported here as the airway model
only included the central airway. Newborns with airway issues spend more energy for breathing
and it limits their growth which requires more energy during the early stage of life. The findings

of this study suggest that TM may impact the growth and development of newborns.
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7 Auto-PEEP due to Glottis Closure

As seen in previous chapters, airflow through the opening between the vocal folds at the
glottis impacts airflow in the trachea. This chapter reveals the role of the glottis on airflow in

newborns with TM. All results have been submitted to the journal Chest.

7.1 Introduction

The glottis is the narrowest location in the airway in most cases. Previous studies have
modeled glottis motion to study particle deposition and to quantify energy expenditure in the
airway [120,121]. A study demonstrated that the glottis narrowed in adult subjects with chronic
obstructive lung disease (COPD) to self-generate positive end expiratory pressure (auto-PEEP)
[122]. Tt is assumed that glottis narrowing prevents airway collapse by increasing pressure inside
the airways[123]. Another study based on neonates showed that intrapleural pressure was elevated
due to glottis closure [124]. However, auto-PEEP has not been demonstrated in newborns with

T™M.

This study hypothesized that newborns with TM narrow their glottises to generate auto-
PEEP, particularly during expiration. The glottis motion was studied using the four MR images,
which represent different phases during breathing. CFD simulations were performed with airway
motion to quantify the pressure difference across the glottis and throughout the central airway

during the breathing cycle.
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7.2 Methods

This study included 21 neonatal subjects after receiving the Institutional Review Board
approval and parental consent. All subjects were not intubated and were using room air or non-
invasive respiratory support at the time of MRI. Clinical bronchoscopy was performed to diagnose
TM in 14 of the 21 subjects and the rest of the subjects did not undergo bronchoscopy. Three of
the seven subjects were considered respiratory controls since they did not exhibit any airway or
lung defects. The diagnosis of TM in four of the seven subjects was evaluated based on the

maximum tracheal cross-sectional area change during breathing [13].

UTE MRI was performed for each subject and was reconstructed to obtain 4 MR images
which represent different phases during breathing. More details on UTE imaging and image
reconstruction can be found in Chapters 2.3 and 2.4. For each subject, CFD simulation was
performed with patient-specific airway motion and airflow rates derived via MRI (Chapter 4).
STAR-CCM+ 14.04.011-R8 version was used to run each simulation. Briefly, CFD mesh included
2 million cells with 9 prism layers on the wall and the interior was built with polyhedral cells. The
temporal resolution of the CFD simulation was 0.8 ms. More details on CFD simulations can be

found in Chapter 3.

The total pressure loss from the nasopharynx to carina was calculated from the CFD
simulation. A centerline was created for each airway to calculate the cross-sectional areas along
the airway [74,102,125]. The cross-sectional area of the glottis was obtained during the breathing
cycle. A two-tailed t-test (unpaired and unequal variance) was implemented to compare the results

of the 21 subjects.
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7.3 Results

7.3.1 Study Subjects

Table 7.1 shows the clinical diagnosis, PMA, weight, and respiratory support at MRI. In 18 out of

21 subjects were clinically diagnosed with BPD, TEF/EA, and bronchoesophageal fistula (BEF)

[54]. On average, the weight and length of the subjects were 3.4 + 0.7 kg and 48.2 + 3.9 cm,

respectively.
Table 7.1: Subject information
PMA at
Airway Weight at Respiratory Cohort
Clinical Diagnosis MRI
condition/ (N) MRI (kg) Support at MRI N
(Wk)
Room air 1
BPD 41+2 | 3.55+£0.40
HFNC 5
No TM (10
© (10) BEF 40 3.7 Room air 1
Respiratory control 40+ 1 3.45+0.54 Room air 3
Room air 2
BPD 41+3 | 343+121 HFNC 1
RAM CPAP 4
TM (11) Room air 2
TEF/ EA 40+ 1 2.87+0.23 HENC 1
RAM CPAP 1
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7.3.2 Glottis Movement during the Breath

Figure 7.1 shows the glottis lumen cross-sectional plane derived from the segmented
airway in a subject without TM. The graph on the right shows the change in the glottis cross-
sectional area during the breathing cycle in a subject with and without TM. Glottis cross-sectional
area increases during inspiration and decreases during expiration. The main difference between
the subject with TM and without TM was that the glottis cross-sectional area at peak expiration
was smaller compared to its end expiration time point in the subject with TM. Five out of 11
subjects with TM demonstrated similar behavior as shown in the plot. The rest of the subjects with
TM demonstrated a similar pattern compared to subjects without TM with smaller glottis area

during the breathing cycle.
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Figure 7.1: Glottis cross-sectional area in a subject without TM derived from the segmented
airway (A). Glottis cross-sectional area during the breathing cycle in a subject without TM (blue)

and with TM (green) (B).
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The average glottis cross-sectional area at peak expiration was 10.3 = 4.4 mm? in the
subjects without TM and 4.0 + 1.1 mm? in the subjects with TM (Figure 7.2). When the glottis
area was normalized by the length, weight, or body surface area of each subject, similar results

were observed.
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Figure 7.2: Glottis cross-sectional area at peak expiration of the 21 subjects. Green and blue
colored boxes represent the glottis cross-sectional area of the subject with TM and without TM,
respectively. Plot elements; mean = cross; median = solid line; interquartile range (IQR) = box;

data within 1.5 times the IQR below 25% or above 75% = whiskers.
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7.3.3 Total Pressure Loss along the Airway

After conducting patient-specific CFD simulations, total pressure loss along the airway
was calculated for each subject. Figure 7.3 demonstrates the total pressure loss along the airway
at peak expiration of an example subject with TM and without TM. The total pressure loss through
the glottis for the subject with TM was 2.27 cmH>0 and 0.21 cmH2O for the subject without TM.
The glottis cross-sectional area of the two example subjects was 7.8 mm? (subject without TM)

and 2.2 mm? (subject with TM).
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Figure 7.3: The total pressure loss along the airway at peak expiration in a subject with TM
(green) and without TM (blue). The position of the nasopharynx, larynx, glottis, and carina are
numbered 1, 2, 3, and 4, respectively. The total pressure loss through the glottis in the subject

with TM and without TM is represented by green and blue dashed arrows, respectively.
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In order to compare the effect of the glottis at peak expiration, the total pressure loss across
the glottis was measured for all subjects and compared with the airway condition Figure 7.4A. On
average, the total pressure loss through the glottis at peak expiration in the subjects with TM and
without TM was 2.88 £+ 2.29 cmH>O and 0.26 + 0.16 cmH»O, respectively (p = 0.005). Figure 7.4B
demonstrates the total pressure loss from the larynx to carina at peak expiration. On average, total
pressure loss at peak expiration from the larynx to carina of the subjects with TM and without TM
was 3.60 = 2.56 cmH>0 and 0.41 = 0.19 cmH-O, respectively (p = 0.003). Figure 7.4C shows the
pressure loss through the glottis compared to the total pressure loss from the larynx to carina. On
average, 79% =+ 20% of the total pressure loss occurred in the glottis in the subject with TM and
60% =+ 19%, in the subjects without TM compared to the total pressure loss from the larynx to
carina (p = 0.042). Similar results were observed after normalizing all pressure values by the

length, weight, or body surface area of each subject.
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Figure 7.4: The total pressure loss across the glottis (A), total pressure loss from the larynx to
carina (B), and the total pressure loss across the glottis as a percentage compared to total
pressure loss from the larynx to carina. Plot elements; median = solid line; mean = cross;

interquartile range (IQR) = box; data within 1.5 times the IQR below 25% or above 75% =

whiskers; outlier = circle.

As seen in Figure 7.1B, the glottis cross-sectional area of the subject with TM was smaller than
the subject without TM at other time points during the breathing cycle (peak inspiration). The
average glottis cross-sectional area during the breathing cycle for the subjects with TM was 5.5 +
1.9 mm? and 11.3 + 3.1 mm? of the subjects without TM (p < 0.001, Figure 7.5A). Figure 7.5B
shows the total pressure loss from the larynx to carina at peak inspiration. On average, the total
pressure loss for the subjects with TM was 2.65 + 2.35 cmH>O and 0.29 + 0.18 cmH>O for the

subjects without TM (p = 0.01).
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above 75% = whiskers.
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7.4 Discussion and Conclusions

This is the first study that shows neonates with TM use auto-PEEP. The narrowing of the
glottis during expiration raised pressure in the airway of the subjects with TM, there by acting as
auto-PEEP. Previous studies have reported glottis narrowing in children and adults. During the
first 16 hours after birth, newborns diagnosed with respiratory distress syndrome narrowed their
glottises during expiration [124]. Furthermore, a study showed the increased subglottic pressure
and laryngeal resistance due to glottis closure in children diagnosed with Down syndrome [126].

Baz et al. [122] showed that adults with COPD narrowed their glottises than healthy controls.

Previous studies have used invasive techniques to assess glottis motion and to measure
pressure in the airway. A fibreoptic nasenodoscope was used to record the movement of the glottis
during the breathing cycle and a balloon was inserted to measure the pressure [122,124,127]. These
invasive procedures can change the dynamics of the airway and affect airflow. However, the
imaging method applied in this study is non-ionizing and non-invasive. CFD simulations used to
derive the pressure along the airway can calculate pressure regionally and reveal more information

on the airflow that cannot be obtained from other techniques.

The total pressure loss through the glottis in subjects with TM was 10 times higher than in
subjects without TM due to the narrowing of the glottis (Figure 7.4A). This increased pressure
across the glottis elevated the total pressure loss in the trachea and as a result, neonates with TM
require more energy for breathing [54]. This study assumed that the neonates with TM attempt to

avoid tracheal collapse by increasing pressure in the trachea during expiration.

Figure 7.5A indicates that neonates with TM have a smaller glottis area throughout the

breathing cycle, including inspiration. A previous study has reported that the glottis was narrowed
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during inspiration in a study involving adults with airway obstruction [128]. Subjects with disease
narrowed their glottises during expiration compared to controls during normal breathing.
Although, when they performed the forced spirometry test (i.e. breathing with a higher rate, 1 Hz
to 3 Hz), patients with forced expiratory volume in 1 second (FEV) less than 80% narrowed their

glottises during inspiration while subjects with normal FEV opened glottis more during breathing.

There are a few clinical implications of auto-PEEP and glottis narrowing. Auto-PEEP
avoids collapsing small airways during breathing and improves gas exchange [123,126,129-131].
In infants with TM, PEEP acts as a pneumatic stent for the collapsible region of the trachea and
raises lung volumes [114,132]. However, glottis narrowing increases upper airway resistance and

limits the aerosol drug delivery to lower airways [5,120].
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8 Limitations and Future Directions

UTE MRI is widely used in research settings and MR image quality has improved rapidly
in recent years. These improvements allow MR images to reconstruct at different phases of
breathing. However, there are a few limitations associated with this study. UTE MR images were
acquired in more than 150 newborns at the NICU over the last several years. Most of the subjects
were intubated at the time of MRI. Since the endotracheal tube can affect the airway motion,
neonates intubated at the time of MRI were excluded. Some of the subjects were not included due
to limited image coverage and the MR image quality. Another limitation of the study was the
temporal resolution of MRI, which was approximately one-quarter of the breathing cycle. The
image acquisition window was half of the temporal resolution of MRI and airway motion faster

than this resolution was not captured and modeled in this study.

Currently, respiratory CFD is not available in clinical settings. However, CFD simulations
are performed in cardiovascular medicine to diagnose coronary artery disease with the approval of
U.S. Food and Drug Administration [133,134]. CFD simulations are computationally expensive
and take a relatively long time to complete. These patient-specific CFD simulations take

approximately 1000 core-hours.
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In addition to these drawbacks, new methods can be applied in the future to improve

performance in specific fields.

1. Airway coverage

In the majority of cases, the airway geometry used in the CFD simulation extended from the main
bronchi to the nasopharynx. More information on airflow can be obtained if the airway model can
include starting from the nostrils to a few branches below the main bronchi. Dynamic CT can be

used as an alternative for MRI.

2. Image reconstruction
Each data point in the FID waveform weighted equally to reconstruct MR images (hard gating).
However, different weighting values may be applied to improve image quality and to reduce

blurring (soft gating).

3. Airway motion

In this study, airway surface registration was performed rather than image registration, which
requires airway segmentation in all four time points to obtain airway motion. However, airway
segmentation is time-consuming and in the future, image registration can be applied to obtain

airway motion during the breathing cycle.

The techniques used in this study can be applied to older infants and adults with airway
diseases such as sleep apnea, laryngomalacia, retrognathia, and bilateral vocal cord paralysis. In
addition, these patient-specific CFD simulations can be used for surgical planning and to assess

the airway regionally.
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