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ABSTRACT 

 

The aim of this study is to investigate the functional and structural differences 

between normal subjects and asthmatics via image registration and computational fluid 

dynamics (CFD), together with pulmonary function test’s (PFT) and one-image-based 

variables. We analyzed three populations of CT images: 50 normal, 42 non-severe 

asthmatic and 52 severe asthmatic subjects at total lung capacity (TLC) and functional 

residual capacity (FRC). A mass preserving image registration technique was employed 

to match CT images at TLC and FRC for assessments of regional volume change and 

anisotropic deformation. Instead of existing threshold-based air-trapping measure, a 

fraction-based air-trapping measure was proposed to account for inter-site and inter-

subject variations of CT density. We also analyzed structural alterations of asthmatic 

airways, including bifurcation angle, hydraulic diameter, luminal area and wall area. CFD 

and particle tracking simulations are employed with physiologically-consistent boundary 

condition. As compared with normal subjects, severe asthmatics exhibit reduced air 

volume change (consistent with air-trapping) and more isotropic deformation in the basal 

lung regions, but increased air volume change associated with increased anisotropic 

deformation in the apical lung regions. In the multi-center study, the traditional air-

trapping measure showed the significant site-variability due to the differences of scanners 

and coaching methods. The proposed fraction-based air-trapping measure is able to 

overcome the inter-site and inter-subject variations, allowing analysis of large data sets 

collected from multiple centers. We further demonstrate alterations of bifurcation angle, 

constriction, wall thickness and non-circularity at local branch level in severe asthmatics. 

The bifurcation angle, non-circularity and especially reduced hydraulic diameter 

significantly affect the increase of particle deposition in severe asthmatics. In summary, 

the two-image registration-based deformation provides a tool for distinguishing 

differences in lung mechanics among populations. The new fraction-based air-trapping 
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measure significantly improves the association of air-trapping with the presence and 

severity of asthma and the correlation with forced expiratory volume in 1 second over 

forced vital capacity (FEV1/FVC) than existing approaches. The altered functions and 

structures such as air-volume change, branching angles, non-circular shapes, wall 

thickness and hydraulic diameters that found in asthmatics are strongly associated with 

the flow structures and particle depositions. 
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CHAPTER 1  

INTRODUCTION 

1.1 Backgrounds 

1.1.1 Severe Asthma Research Program (SARP) 

Asthma is a lung disease that affects more than 25 million people in the United 

States and 300 million in the world [22, 148]. The asthma can be characterized by 

symptoms of air flow obstruction, bronchial hyper-responsiveness and airway 

inflammation [16, 18, 60, 81]. Severe Asthma Research Program (SARP) [21, 46, 79, 104, 

105, 143] consisting of several research centers was initiated to better define the genetic, 

environmental and clinical features that characterize asthma, and subsequently better 

understand the underlying causes of asthma from multi-disciplinary perspectives of cell 

biology, physiology, radiology and mechanics. 

The SARP studies identified clinical, physiologic, and biologic heterogeneity 

among asthmatic subjects [79, 105], then introducing five clusters by employing 34 

qualitative and quantitative variables, i.e. onset of asthma, asthma duration, gender, lung 

function, reversibility, atopy, questionnaire data, and so on. The five clusters include 1) 

mild allergic, 2) mild-moderate allergic, 3) more severe older onset, 4) severe variable 

allergic asthma and 5) severe fixed airflow asthma, among which clusters 3, 4 and 5 are 

more likely to be patients with severe disease. However, the cluster analysis was limited 

to clinical, physiologic, and biologic features. To better understand structural and 

functional relationship, adding imaging phenotypes to the cluster analysis is essential for 

developing therapeutic interventions. 

With the CT images acquired at SARP studies, Busacker et al. [15] demonstrated 

that severe asthmatics are characterized by increased air-trapping, as compared with 

normal and non-severe asthmatics. Furthermore, Aysola et al. [6] demonstrated that 
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asthmatics are characterized by the increased wall area percentage (WA% = wall 

area/total area), rather than normal subjects. These studies contributed respectively to 

either altered function of air-trapping or altered structure of increased wall area 

percentage. However, establishing lung structure-function relationships and adding 

imaging phenotypes for differentiating subtypes of asthmatics are yet to be investigated.  

Subsequent subsections first describe existing imaging modalities for detection of 

functional defects and quantitative computed tomography (QCT)-based structural and 

functional assessments, and then introduce image registration and computational fluid 

dynamics (CFD) techniques. The registration- and CFD-derived variables are utilized to 

assess local functional variables as well as flow structure and particle deposition in 

association with altered structure and function of asthmatics. 

1.1.2 Traditional PFT and Functional Defects 

The functionally impaired lung functions caused by lung diseases have been 

evaluated with the aid of Pulmonary Function Test (PFT). This approach is useful to 

measure and diagnose entire lung functions, but it cannot detect local abnormality. As a 

result, various imaging techniques, such as Magnetic Resonance Image (MRI) and 

Positron Emission Tomography (PET) and QCT, have been utilized for more sensitive 

measures. With the aid of MRI, the region of ventilation defect as well as the movement 

of diaphragm and chest walls are investigated. Furthermore, the region of ventilation 

defects measured from hyperpolarized MRI was found to be correlated with that of air-

trapping from CT images [45, 116]. Meanwhile, Venegas et al. [135, 136] demonstrated 

that constricted airways based on tissue abnormality can develop heterogeneity of 

ventilation by combining an ideal airway model with PET imaging technique. However, 

both MRI and PET have the drawbacks of low resolution, high cost and long scan time 

rather than existing static CT images. 
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1.1.3 Quantitative Computed Tomography 

QCT is one of the most popular tools in the lung study because of the high 

resolution and cost effectiveness. It has been used to study airway wall thickness and air 

trapping using density of CT image [15, 21, 56, 96, 110]. These studies showed that 

airway wall area or WA% of asthmatic lungs is bigger than that of normal subjects [6, 57, 

59, 60, 139]. However, the CT image is limited to capture airways of low generation (< 

generation 8) where diameters are smaller than 2 mm. Furthermore, the existing studies 

on luminal area and wall area in asthmatics are still inclusive among different studies. It 

is because some studies showed no difference of luminal area and wall area between 

normal subjects and asthmatics [6, 102]. In addition, cautions must be taken when 

applying any arbitrary fixed threshold value to determine the air-trapped regions. It is 

noted that the threshold value is sensitive to experimental conditions such as scanners and 

breath-hold coaching methods, and air trapping analyzed by the existing approach could 

misclassify normal subjects into air-trapped subjects [15]. 

1.1.4 Image Registration Techniques 

The non-rigid image registration (matching) technique [35, 73] that matches CT 

lung volume images of the same human subject is a powerful tool to study lung 

deformation and regional air volume change in a noninvasive manner. Recently it has 

been demonstrated that the image registration technique not only can serve as an 

independent measure of regional volume changes [19, 49, 118, 152], but also can 

differentiate airway vs. parenchymal phenotypes in a COPD population [51]. In addition, 

the registration-derived variables via CT images have been compared with different 

modalities such as MRI, SPECT and Xenon-CT [20, 95, 118], exhibiting fairly 

significant correlations. Hence, the image registration of two lung volumes can provide 

an accurate surrogate for regional lung function, allowing evaluation of altered local lung 

function of asthmatics. 
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1.1.5 Computational Fluid Dynamics 

Computational fluid dynamics (CFD) has become an alternative approach to 

analyze flow patterns and particle deposition in bronchial airways. A representative 

though not exhaustive list of such studies can be found in [52, 87, 93, 112, 158]. Tracheal 

regions of lung airways are in the range of turbulent and transitional area [91, 92], so that 

direct numerical simulation (DNS) or large eddy simulation (LES) is required to capture 

the anisotropic nature of turbulent flow. Most of existing CFD studies  [157, 158] used 

Reynolds averaged Navier-Stokes (RANS), k- and k-ω models which temporally 

average the effect of turbulence, but these approaches do not adequately predict transient 

multi-scale turbulent features. Only a few simulations using CT-resolved-realistic airway 

models have been performed with LES [27, 28, 32, 101], but most studies were limited to 

normal subjects. Therefore, the LES along with CT-based airway models could be 

employed to better understand the relationship between altered structures and altered 

functions in asthmatics. It also helps to detect hot spots where particles tend to deposit, 

helping to establish the link between lung mechanics and pathophysiology. 

1.2 Thesis Objective and Overview 

The main objective of this work is to develop sensitive functional and structural 

variables and understand their correlations to better differentiate asthmatics from normal 

population. These variables are summarized in Table 1.1, and are classified into four 

groups: PFT-based variables, one-image-based variables, registration-based variables, 

and CFD-based variables. Some are at global (entire lung) scale, and some are at local 

(segmental) scale. Some are structural variables, whereas some are functional variables. 

We have established the registration-based variables and have tested their sensitivity in 

differentiating severe asthmatics from normal subjects in Chapter 2. We have developed 

a novel fraction-based measure for air trapping that accounts for inter-site and inter-

subject variations due to the differences of scanners and coaching methods as described 
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in Chapter 3. This is a critical step toward population-based analysis that allows analysis 

of large data sets collected via multi-center studies. The correlations between air-trapping, 

lung shape and air distribution have also been established. To utilize CFD-based 

variables, we have identified and quantified local structural variables that affect flow 

structure and aerosol deposition at a local scale, such as bifurcation angle, circularity, 

hydraulic diameter and luminal area of airways, in both normal and asthmatic populations 

as described in Chapter 4. Furthermore, we have established the correlations between 

PFT-based, one-image-based, registration-based and CFD-based variables at local and 

global scales. Sensitive structural and functional variables investigated in previous 

chapters were employed to derive flow-related variables, including wall shear stress, 

airway resistance and particle deposition in Chapter 5.  

In summary, the thesis is organized as follows. 

(1)  (Chapter 2) Investigate the regional lung function of normal subjects vs. severe 

asthmatics via image registration techniques. Lobar fraction of air volume change, 

local air volume change (Vair) and J (the determinant of Jacobian representing 

the ratio of lung volume change) and anisotropic deformation index (ADI) are 

evaluated to distinguish altered lung functions in asthmatics via image registration 

technique. 

(2) (Chapter 3) Introduce a new fraction-based air-trapping method to account for 

inter-site and inter-subject variations in a multi-center setting. The proposed 

fraction-based air-trapping approach is compared with the existing density-based 

air-trapping method. 

(3) (Chapter 4) Investigate the bronchial structural variables of normal subjects vs. 

non-severe asthmatics vs. severe asthmatics. Airway dimensions such as luminal 

area (LA*), wall area (WA*) and total area (TA*) normalized by PFT-measured 

TLC
2/3

 are employed to compare local airway structures among normal, non-

severe asthmatic and severe asthmatic populations. Unlike existing normalization 
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schemes that are based on body surface area (BSA) or BMI, we have proposed a 

new normalization scheme based on TLC that exhibits a stronger correlation with 

tracheal luminal area. Wall thickness, circularity and hydraulic diameter that are 

related to flow pressure drop and airway resistance are compared among the three 

populations. Altered bifurcation angle that can potentially affect particle 

deposition is also investigated. 

(4) (Chapter 5) Investigate airflow and particle transport in selected normal and 

severe asthmatic subjects for quantitative analysis of the CFD-related structural 

and functional variables in severe asthmatics. We compared the characteristics of 

pressure drops and particle depositions between normal subjects and severe 

asthmatics, and found that structural and functional heterogeneity of severe 

asthmatics that we found in the previous chapters affect flow structure and 

particle deposition. 

(5) (Chapter 6) Summarize major findings of CHAPTER 2, 3, 4 and 5. Potential 

future studies such as multi-center study, cluster analysis and application to 

COPD are introduced. 
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Table 1.1 Classification of structural and functional variables employed in this study  

Group Scale Structure Function 

PFT-based 

variables 
Global - 

FEV1 % predicted, 

FVC %predicted, 

FEV1/FVC, 

RV % predicted and 

RV/TLC 

One-image-based 

Variables 

Global Lung shape at TLC AirT% at FRC (or RV) 

Local 

(Airway segmental) 

WA*, LA*, 

TA* and WT* 

(Lobar) 

AirT% and AirT* 

Registration-based 

variables 

Global - U/(M+L)|v 

Local - 

Lobar fraction of air 

volume change, 

Vair*, J and ADI 

CFD-based 

variables 
Local 

Bifurcation angle, 

Circularity and 

Dh 

Flow-rate ratio, 

Wall shear stress, 

P, airway resistance,  

Particle distribution and 

Particle deposition 

 

The variables in the Table 1.1 are described as follows. 

 PFT-based variables:  

They provide global lung functions for air flow obstructions (FEV1 % 

predicted, FVC % predicted and FEV1/FVC) and air-trapping (RV % 

predicted and RV/TLC).  

 One-image-based variables:  
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As global variables, lung shape at TLC is defined as the ratio of apical-to-

basal distance to ventral-to-dorsal distance, and AirT% is defined as the 

number of the air-trapped voxels over the number of total voxels in the whole 

lung. As local variables, WA*, LA* and TA* are wall area, luminal area and 

total area normalized by PFT-based TLC
2/3

 respectively. Lobar AirT% is 

calculated by air-trapped voxels over total voxels in a lobe, and AirT* is the 

ratio of lobar air-trapped voxels to total air-trapped voxels for evaluating lobar 

contribution of air-trapping. 

 Registration-based variables: 

As a global variable, U/(M+L)|v is the ratio of air volume change of upper and 

middle lobes to air volume change of middle and lower lobes. Lobar fraction 

of air volume change (VairF) is the ratio of lobar air volume change to total 

air volume change. In addition, Vair, J, ADI obtained from image registration 

are local air volume change, the determinant of Jacobian and anisotropic 

deformation index that can evaluate the function of local regions.  

 CFD-based variables:  

The structural variables of bifurcation angle, circularity and hydraulic 

diameter (Dh) and the functional variable of air-volume change determine 

CFD-based functions of wall shear stress, flow pressure drop, airway 

resistance, particle distribution and particle deposition. 
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CHAPTER 2  

REGISTRATION-BASED ASSESSMENT OF THE REGIONAL LUNG 

FUNCTION IN NORMAL SUBJECTS VS. SEVERE ASTHMATICS 

2.1 Introduction 

Asthma affects more than 25 million people in the United States and can be 

characterized by different symptoms such as airflow obstruction, bronchial hyper-

responsiveness and airway inflammation [16]. Identification of phenotypes serving to 

separate non-severe asthmatics from severe asthmatics has been the focus of the NIH 

sponsored multi-center Severe Asthma Research Program (SARP) [21, 79, 104, 105, 143] 

and the search for phenotypes has included the acquisition of volumetric computed 

tomography (CT) scans of the lungs at total lung capacity (TLC) and functional residual 

capacity (FRC). 

Imaging techniques such as hyperpolarized Magnetic Resonance Imaging (MRI) 

[1, 17, 40, 41, 134, 156], Positron Emission Tomography (PET) and Single Photon 

Emission CT (SPECT) [65, 67, 86, 109, 136] have been utilized for the exploration of 

functional defects and airway structural changes. Recently, hyperpolarized helium gas 

MRI has been compared with regional volume changes using paired lung volumes 

imaged via CT, and regional differences in lung function (expansion) were well matched 

[62]. CT and MRI as tools for quantitative assessment of the lung have recently been 

reviewed [141]. While each method provides unique pieces of information regarding lung 

structure and function, CT has the ability to relate detailed structure together with 

regional lung function [72]. Over the past 30 years now, CT has been validated in regards 

to its ability to reflect regional air content of the lung [70], parenchymal destruction in 

chronic obstructive pulmonary disease (COPD) [34, 54]. 

Image matching methods as used here have recently demonstrated not only to 

reflect independent measures of regional volume changes [19, 49, 118, 152], but also to 
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have shown the utility in differentiating airway vs. parenchymal phenotypes in a COPD 

population [51]. In addition, the image matching derived variables via CT have been 

compared with different modalities such as MRI, SPECT and Xenon-CT [20, 95, 118], 

and they have shown fairly significant correlations. With the demonstration that image 

registration between two lung volumes provides an accurate surrogate for regional lung 

function, we utilize CT image matching to assess regional differences in lung function of 

severe asthmatics, relative to normal subjects. 

In this study, we apply a mass-preserving non-rigid registration method [151, 152] 

with two breath-hold volumes (TLC and FRC) to study alteration of regional air volume 

change and lung deformation. In the previous studies [151, 152], the method 

demonstrated the relatively accurate results even in large deformation based on 

landmarks selected at vessel bifurcations. The registration-derived variables can measure 

the features of the lung when deforming from one static state to the other, unlike existing 

air trapping measures [15, 110] that are based on density measures using a single 

volumetric image at FRC (or in other cases, residual volume, RV). 

The purpose of this chapter is to apply a newly emerging tool allowing for the 

matching of lung volume pairs imaged via CT, and we have selected the normal and 

severe asthmatic groups to evaluate the utility of such image registration methods in 

mapping alterations in regional lung mechanics. In addition, we will correlate the 

registration-derived variables with existing traditional measures, such as PFT’s measures 

and air-trapping, which have been commonly used for the study of asthma, to illustrate 

the implications of registration-derived measurements. 
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2.2 Methods 

2.2.1 Human Subject Data Sets 

Fourteen normal (10F) and thirty severe asthmatic (18F) subjects were chosen for 

this study. Demographic and pulmonary function data are provided in Table 2.1. Both CT 

images of normal subjects and severe asthmatics were acquired at the University of 

Pittsburgh as part of the SARP consortium [21, 46, 104, 143]. The associated human 

studies along with the imaging protocol were approved by the Institutional Review Board. 

CT images were gathered during coached breath-holds TLC and FRC in the supine 

position, and then were processed using the Pulmonary Workstation and Apollo software 

(VIDA Diagnostics, Coralville, Iowa). Scanning details are provided in Table 2.2. Major 

criteria used to define severe asthma are provided in [143], and include treatments with 

oral corticosteroids and high-dose inhaled corticosteroids besides minor criteria such as 

requirement for daily treatment with a controller medication of long-acting β-agonist, 

theophylline, or leukotriene antagonist. 

2.2.2 Image Registration and Regional Air Volume 

Change 

The intensity-based mass preserving image registration method [151, 152] was 

employed to match two CT lung images. Here, the CT images at TLC and FRC are used 

for the reference and floating images, respectively. The tissue and air fractions are 

estimated as follows. 

( ) ( )
( ) and ( )air tissue

tissue air

tissue air tissue air

I HU HU I

HU HU HU HU
 

 
 

 

x x
x x    (2-1) 

where tissue(x), air(x), I(x), HUair and HUtissue denote tissue fraction, air fraction, 

Hounsfield unit (HU) of a voxel, HU of air, and HU of tissue, respectively. HUair and 
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HUtissue are set to -1000 and 55, respectively [151, 152]. The tissue volume Vtissue(x) and 

air volume Vair(x) are calculated by multiplying a local volume v(x) to the tissue and air 

fractions, respectively.  

The image registration method is to determine a spatial transformation that 

matches the two images by minimizing a cost function C, so called the sum of squared 

tissue volume difference (SSTVD) as shown below. 

 
2

( ) ( ( ))ref f

tissue tissueC V V


 
x

x T x     (2-2) 

where  is the local tissue volume of the reference image, while  is the 

local tissue volume of the floating image. T(x), known as the warping function, provides 

a transformation that maps a local volume at location x in the reference image to the 

corresponding location in the floating image. A multi-level B-spline transformation 

technique is adopted to describe the warping function T(x). The finest number of control 

grids in the entire image domain is selected as 32 × 32 × 32, which has been an optimal 

number when considering accuracy and computational cost [26, 152].  

Once warping function T(x) is obtained, the corresponding local volume v
f
(T(x)) 

at floating image is calculated as v
f
(T(x)) = v

ref
(x) / J, where J is the determinant of 

Jacobian matrix. At the floating image, the air fraction air
f
(T(x)) is obtained by CT 

intensity value I(T(x)) (Equation 2-1), so that the air volume Vair
f
(T(x)) is calculated as 

v
f
(T(x))air

f
 (T(x)). As a result, the regional air volume change ΔVair is obtained by the air 

volume differences between the reference image and the floating image as follows [150]. 

( ) ( ) ( ( ))ref f

air air airV V V  x x T x     (2-3) 

( )ref

tissueV x ( ( ))f

tissueV T x
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2.2.3 Lung Deformation 

The volume change (measured by J) and the anisotropic deformation index (ADI) 

are employed to quantify lung deformation [2]. To obtain J and ADI, the deformation 

gradient tensor (F) is defined as follows [94]. 

F T       (2-4) 

where  is the vector gradient operator. F could be decomposed into a rotation tensor (R) 

and a stretch tensor (U); R is orthogonal, whereas U is symmetric and positive definite. 

 
TT T T T  F F RU RU U R RU U U    (2-5) 

*T

iF Fs s       (2-6) 

* 1
 Us s si

i




     (2-7) 

Cauchy-Green deformation tensor (F
T
F) is symmetric and positive definite due to 

the orthogonality of R and the nature of U, and s denotes the eigenvector, and i
*
 are the 

eigenvalues of the (F
T
F) of each local volume from TLC to FRC. In Equation 2-7, both 

i
*
 and i are positive, and i represent the principal strains along the principal directions 

of a deformed lung tissue element from FRC to TLC, where  with 1 > 2 > 3 

> 0. With the eigenvalues (1 , 2 , 3), J and ADI are calculated as follows. 

*1/i i 



14 
 

 

1 2 3J          (2-8) 

22

2 31 2

2 3

ADI
  

 

   
    

   
    (2-9) 

2.2.4 Physical Interpretation of ΔVair, J and ADI 

The three registration-derived variables ΔVair, J and ADI are used to evaluate air 

volume change and lung deformation. First of all, ΔVair reflects local air volume 

difference between the reference and floating images, measuring the amount of air 

entering (or leaving) a local region during inhalation (or exhalation). Second, J is defined 

as the ratio of ν
ref

(x) at TLC over ν
f
(T(x)) at FRC. That is, if J = 1 at a local volume, the 

local volume remains unchanged between the two lung volumes. If J < 1, the volume 

decreases from FRC to TLC (i.e., contracts); while if J > 1, it increases (i.e. expands). 

Because the tissue volume inside a local volume can be assumed unchanged, the change 

of local volume is primarily due to the change of air volume. Basically, ΔVair and J are 

measures for air volume change excluding tissue volume and lung volume change 

including tissue volume, respectively. In fact, both variables exhibit similar 

characteristics because tissue volumes during lung deformation remain unchanged. 

However, ΔVair is the volume difference while J is the volume ratio, thus both would not 

have linear correlations. 

The third variable ADI provides information on the preferential deformation of 

local lung volume [2]. For example, if a local volume is stretched isotropically in all 

directions, namely 1=2=3, Equation 2-9 gives an ADI value of zero. With increasing 

anisotropy, ADI increases. An important feature of ADI is its independence from J. That 

is, even if two local volumes have the same J, their ADI values could be different [2]. 

Note that ADI measures the degree of anisotropy rather than the direction of anisotropy. 
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Intrinsically, ΔVair is derived from CT intensity I(x) at each local volume (Equation 2-1), 

whereas J and ADI are derived from eigenvalues of deformation gradient tensor 

(Equation 2-4), so that ΔVair could provide a discrete field sensitive to the local CT 

intensity, while J and ADI could generate more smoothed fields by the 1
st
 order 

derivative of warping function. 

2.2.5 Air Trapping 

A voxel is regarded as an air-trapped voxel if the Hounsfield Unit of the voxel at 

FRC is below -856 (this number varies + 6 HU depending upon the studies) [15, 21]. Air 

trapping percentage “AirT%” is defined as the ratio of the number of air-trapped voxels 

over the number of voxels in the respective lobes (lobar AirT%) or in the whole lung 

(total AirT%). Lobar contribution to total air-trapped voxels is denoted by “AirT*”, which 

is defined as the ratio of the number of air-trapped voxels in the lobe over the number of 

air-trapped voxels in the whole lung. Thus, the summation of AirT* values in the five 

lobes is equal to unity. 

2.2.6 Data Type and Analysis 

The aforementioned air volume change, volume change and anisotropic 

deformation index (ΔVair, J and ADI) are calculated for each local volume. ΔVair, J and 

ADI are then normalized by their respective medians of the same subject, denoted by 

ΔVair
*
, J* and ADI*. Their spatial distributions are presented by lobe, lung height and 

depth averaged over all subjects, as well as for the whole lungs of selected individual 

subjects. Here the normalized lung height Z* is measured from apical to basal (Z* = 0  

1), i.e. along the cranio-caudal axis, which is perpendicular to the normalized lung depth 

Y* from the non-dependent (ventral) region to the dependent (dorsal) region of the lung 

(Y* = 0  1). When being presented by lobe (or lung height), ΔVair
*
, J* and ADI* are the 

medians over all values in lobe (or at a given lung height). In this study, the left upper 
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lobe, left lower lobe, right upper lobe, right middle lobe, and right lower lobe are denoted 

by LUL, LLL, RUL, RML and RLL, respectively. To distinguish the features of severe 

asthmatics from normal subjects, a mixed Analysis of Variance (ANOVA) and 

independent T-tests are performed for significance check with software R [99]; statistical 

significance is taken at P < 0.05 level. 

2.3 Results 

2.3.1 Pulmonary Function Test (PFT) 

Table 2.1 summarizes the PFT information for the forty-four subjects (14 normal 

subjects and 30 severe asthmatics) analyzed in this study. The predicted values of TLC, 

FRC and RV are calculated with the equation of Stocks and Quanjer [129], and the 

predicted values of FVC and FEV1 are obtained from the equation of Hankinson [63]. 

The measured values are then divided by the predicted values, yielding the “% predicted” 

values in the table. In severe asthmatics, the % predicted values of both TLC and FRC are 

within the normal range and close to 100%. On the other hand, the % predicted values of 

FVC, FEV1, and FEV1/FVC of severe asthma are significantly smaller than those of 

normal subjects, as would be expected in severe asthma [104, 105]. In addition, 

consistent with severe asthma [125], the % predicted values of RV and RV/TLC in the 

severe asthmatics indicative of air-trapping are higher than those of normal subjects (P 

<0.0005 and P < 5.0 × 10
-6

, respectively). 

2.3.2 Validation of CT-based Lung Volumes 

Figure 2.1 shows the linear correlations of lung volumes between upright PFT and 

supine CT. CT-based total lung volumes (TLV) including both air volume (AV) and tissue 

volume (TV) are significantly correlated with PFT-based measures of TLC and FRC 

(Figure 2.1 A and B). The upright PFT volumes and supine CT-based TLV are in similar 
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ranges, being adjacent to the identity line. On the other hand, as shown in Figure 2.1 C 

and D, CT-based AV tends to be consistently less than PFT volumes. Table 2.3 compares 

the ratios of CT-based TLV, AV and inspiratory capacity (IC) over PFT measurements 

between normal subjects and severe asthmatics. In normal subjects, the CT-based air 

volumes at TLC (AV
TLC

) and FRC (AV
FRC

) decrease about 24% and 42% respectively, as 

compared to their corresponding PFT volumes. Similarly, AV
TLC

 and AV
FRC

 in severe 

asthmatics decrease about 24% and 36% respectively relative to their corresponding PFT 

volumes. The CT-based IC (CT) is reduced only 6% and 8% for normal subjects and 

severe asthmatics, respectively, as compared to PFT measurements. Hence, the ratios of 

CT supine volumes to PFT upright volumes in severe asthmatics are not statistically 

different from those of normal subjects as shown in Table 2.3. 

Table 2.3 also shows that tissue volume differences between TLC and FRC are 

about 0.03 liter and 0.04 liter, whereas air volume differences between TLC and FRC are 

about 2.57 liter and 2.32 liter for normal subjects and severe asthmatics, respectively. The 

means of tissue volume differences over TLC tissue volume are about 6% in both normal 

subjects and severe asthmatics. As a result, the difference of tissue volume between TLC 

and FRC is much smaller than that of air volume, supporting the assumption of SSTVD 

that tissue volume change is negligible (Table 2.3). 

2.3.3 Mixed ANOVA (Analysis of Variance) 

A mixed ANOVA test consisting of one between-subject variable and one within-

subject variable was performed for two independent groups (normal subjects and severe 

asthmatics) and five lung regions (LUL, LLL, RUL, RML and RLL), as shown in Table 

2.4. The ANOVA test evaluated six dependent variables, including lobar fraction of air 

volume change, Vair
*
, J*, ADI*, AirT% and AirT*. For the between-subject variable 

“Groups”, AirT% of severe asthmatics is different from normal subjects (P < 0.05) in 

entire lungs. As a result, a follow-up T-test was conducted to compare total AirT% 
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between normal subjects and severe asthmatics (Table 2.6). On the other hand, the 

differences of lobar fraction of air volume change, Vair
*
, J*, ADI* and AirT* between 

normal subjects and severe asthmatics are not significant. This is because the dependent 

variables Vair
*
, J* and ADI* were normalized by the respective medians, and the 

summations of lobar fractions of air volume change and AirT* values in the five lobes are 

equal to unity, as described in the Methods section. For within-subject variable “Lung 

regions”, six dependent variables indicate that each lobe has the different characteristics 

of air volume change, volume change, anisotropic deformation and air trapping. The 

significant interactions between “Groups” and “Lung regions” of the lobar fraction of air 

volume change, J*, ADI* and AirT* imply that the effect of severe asthmatic group can 

affect regional difference of air volume change, deformation and air trappings. 

Accordingly, the T-tests of these variables in five lobes of both normal subjects and 

severe asthmatics were performed. 

2.3.4 Lobar Fraction of Air Volume Change 

Based upon lobar segmentation data, Figure 2.2 shows the means and standard 

errors (±SE) of lobar fractions of air volume change (lobar air volume change / whole 

lung air volume change) for normal subjects (black bars) and severe asthmatics (white 

bars). The T-test indicates that the difference of air volume change fraction in the upper 

and lower lobes between normal subjects and severe asthmatics is significant (P < 0.05), 

especially in RUL (P < 0.00005). Figure 2.3 also displays the ratios of air volume change 

to the left lung over the right lung L/R|v for normal subjects (black bars) and severe 

asthmatics (white bars), and the ratios of air volume change to the upper lobes over the 

middle and lower lobes U/(M+L)|v (P = 0.125 for L/R|v and P < 0.0005 for U/(M+L)|v). 

The difference of U/(M+L)|v is still observed in age-controlled (P < 0.01) and BMI-

controlled (P < 0.01) subgroups, by controlling the sample number of severe asthmatics 

with age < 50 (P = 0.33 for age difference between 14 normal subjects and 17 severe 
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asthmatics) and BMI < 35 (P = 0.25 for BMI difference between 14 normal subjects and 

22 severe asthmatics), respectively. Thus, the difference between normal subjects (black 

bar) and severe asthmatics (white bar) is significant in upper and lower lungs rather than 

left and right lungs.  

2.3.5 Spatial Characteristics of Averaged ΔVair
*
, J* and 

ADI* 

Figure 2.4 shows that lobar air volume changes ΔVair
*
, volume changes J* and 

anisotropic deformations ADI* in normal subjects (black bars) and severe asthmatics 

(white bars) are significantly different except for the RML. In normal subjects, ΔVair
*
, J* 

and ADI* of the lower lobes are higher than those of the upper lobes as shown in Figure 

2.4, but the difference diminishes in severe asthmatics. The re-distributions of these 

quantities between upper and lower lobes in asthmatics are particularly evident in Figure 

2.5 where the data are presented by lung height along the basal-apical axis. Figure 2.4 

also shows that RML has the smallest air volume change (A) and volume change (B), but 

the highest anisotropic deformation (C) among five lobes in both normal subjects and 

severe asthmatics. 

2.3.6 Subject-Specific Distributions of ΔVair
*
, J* and 

ADI* 

To illustrate and inspect the spatial distributions of ΔVair
*
, J* and ADI* in 

individuals, a normal subject with a lobar air volume change ratio of U/(M+L)|v= 0.55 

and a severe asthmatic subject with U/(M+L)|v = 0.81 were chosen because these 

U/(M+L)|v values are close to the respective group (normal subjects and severe 

asthmatics) mean values. Both selected normal and severe asthmatic subjects have 

normal BMI, same sex and race, but the selected severe asthmatic subject has the 

characteristics of airflow obstruction (low FEV1) and air trapping (high RV) (Table 2.5). 
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In addition, air volumes of two selected subjects, AV
TLC

 and AV
FRC

, are in the similar 

range. Figure 2.6 shows the lobar distributions of normalized air volume change (A, D), 

volume change (B, E) and anisotropic deformation (C, F) for the selected two subjects. 

The selected normal subject exhibits the overall characteristics found in the normal group, 

and the selected asthmatic subject shows an obvious shift in the upper- and lower-lobe 

functions. As further shown in Figure 2.6, the medians of ΔVair
*
, J* and ADI* by lobe are 

fairly uniform in the severe asthmatic subjects except for the RML.  

For the normal subject, Figure 2.7 A and B demonstrate that the apical-basal and 

ventral-dorsal gradients exist with larger ΔVair
* 
and J* in the lower (80 %, near base) and 

dependent (dorsal) regions while smaller ΔVair
* 

and J* in the upper (20 %, near apex) and 

non-dependent (ventral) regions. Figure 2.7C shows anisotropic deformation in the lower 

regions of the normal subject, and relatively isotropic deformation in the upper regions. 

In contrast, for the severe asthmatic subject, Figure 2.8 A, B, and C show increased 

heterogeneity of air volume change, volume change, and anisotropic deformation with 

the lack of regional characteristics. For example, higher air volume change, larger 

volume change and increased anisotropic deformation are found near the apex. 

2.3.7 Air Trapping 

Table 2.6 shows the means and standard errors (±SE) of total lung air trapping 

percentage (AirT%) and lobar contribution of the air-trapped voxels (AirT*) for normal 

subjects and severe asthmatics. It is noted that the total AirT% of severe asthmatics is 

much higher than that of normal subjects (P < 0.005), as observed in the ANOVA test. In 

addition, lobar contribution of air trapping (AirT*) is mainly observed in the upper lobes 

of both normal subjects and severe asthmatics, and AirT* is the highest in RML 

irrespective of asthma. Based on the T-test, the most statistically significant differences 

are mainly found in left lungs: LUL (P < 0.05), and LLL (P < 0.01). Specifically, AirT* 

increases in lower lobes of severe asthmatics relative to normal subjects. 
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Figure 2.9 shows the spatial distributions of air-trapped clusters (CT intensity < -

856) in a normal subject and a severe asthmatic subject. Note that the two subjects are 

those discussed before in Figure 2.6, 7 and 8. Figure 2.9 shows frontal (A, B), left lateral 

(C, D) and right lateral (E, F) views of the two subjects with a series of spheres 

embedded, representing the volume and location of contiguous air-trapped voxels. Air-

trapped clusters are color coded by lobes. More air-trapped regions are found in the entire 

lung of asthmatic subject, as shown in Figure 2.9 B, D and F. The percentages of air-

trapped voxels (AirT%) in the entire lungs are 0.5 % and 14 %, and lower lobar air-

trapping contributions (AirT*) are 24.7% and 36.8 %, respectively for the normal and 

severe asthmatic subject. 

2.3.8 Tissue Fraction 

The tissue fractions (tissue, Equation 2-1) are averaged with medians of fourteen 

normal subjects and thirty severe asthmatics along ventral-dorsal and apical-basal axes to 

observe the differences of tissue fraction between normal subjects and severe asthmatics. 

Figure 2.10 A and B show that tissue at TLC is almost uniformly distributed, and there 

seems to be little difference between normal subjects and severe asthmatics at TLC. In 

contrast, at FRC, tissue fraction of severe asthmatics on both axes decreases at all vertical 

levels relative to normal subjects. The difference is more evident near the dorsal regions 

(Y*=0.7-1, Figure 2.10A) and near the basal regions (Z*=0.7-1.0, Figure 2.10B). Since 

the summation of both air and tissue fractions is equal to unity, the decrease of tissue 

fraction implies an increase of air fraction. 

The distributions of air volume at both TLC and warped FRC for the selected 

subjects are also displayed in Figure 2.11 for comparison. The FRC image is warped into 

the TLC image domain by applying the transform for visual comparison. Similar to the 

distributions of tissue fractions at TLC, the air volumes at TLC for both normal and 

severe asthmatic subjects are uniformly distributed. Meanwhile, the difference in lung 
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shape between normal subjects and severe asthmatics is quantified by the ratio of apical-

basal to ventral-dorsal lung extent at TLC. The ratios are 1.56 (±0.05, SE) and 1.36 

(±0.03, SE) for normal and asthmatic subjects, respectively (P < 0.005). The 

morphological difference is still observed in both age-controlled and BMI-controlled 

asthmatic subjects (P < 0.005) 

2.4 Discussion 

2.4.1 Comparison of CT- and PFT-based Volumes 

In both normal subjects and severe asthmatics, the CT-based total lung volume 

TLV (CT) and air volume AV (CT) are significantly correlated with the PFT-based 

volumes at both TLC and FRC (Figure 2.1). In addition, TLV (CT) are in similar ranges 

(~90 %) with PFT volumes (Table 2.3), being consistent with the studies of Brown et al. 

[13, 14]. For air volume AV(CT), about 20% and 40% reductions from PFT’s are 

measured at TLC and FRC, respectively, in both normal subjects and severe asthmatics 

(Table 2.3).  

It is known that supine CT-based air volumes are smaller than upright PFT 

measurements for several reasons. For example, the plethysmographic PFT includes dead 

space and gas in the abdomen, but CT only includes segmented lung regions. In addition, 

coaching TLC is difficult and the change of body posture from upright to supine can 

decrease lung volumes [14, 29, 140]. The effect of body posture from upright to supine is 

particularly significant at FRC, resulting in about 30% reduction in PFT-based volumes 

[76, 106]. Therefore, our analysis is consistent with previous studies, and further shows 

that the effect of body posture on air volume is uniform on both normal and severe 

asthmatic groups. 
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2.4.2 Characteristics of ΔVair
*
, J* and ADI* in Normal 

Lungs 

Existing studies [70, 71, 144] indicate that ventilation of the dependent region of 

normal lungs is higher than that of the non-dependent regions in the supine posture 

(known as vertical gradient) due to the gravity. In addition to this gradient, several 

researchers [3, 8, 44, 48] have reported an apical-to-basal (horizontal) gradient of 

ventilation existing in the supine posture. Our quantitative analysis also shows both 

vertical and horizontal gradients of air volume change (Vair
*
) and volume change (J*) in 

the deep breathing of normal lungs. In fact, the gradient of air fraction shall inversely 

correlate with the gradient of tissue fraction. As shown in Figure 2.10, the gradient of 

tissue fraction at FRC is greater than at TLC along both dorsal-to-ventral and basal-to-

apical axes for normal subjects, consistent with the findings of others [70, 71, 119]. 

Therefore, air volume change (Vair
*
) and volume change (J*) could depend on air-

volume distribution at FRC as well as lobar size distribution at TLC because air volume 

at TLC is almost uniformly distributed (Figure 2.11). 

Amelon et al. [2] demonstrated that the eigenvector corresponding to the principal 

eigenvalue (Equation 2-7) mainly orients to the apical-basal axis, being approximately 

normal to the diaphragm plane. Therefore, the increased anisotropy (ADI*) near basal 

regions may reflect the directionality of diaphragm movement as shown in Figure 2.7C. 

In summary, in the case of normal subjects, relatively large volume change (ΔVair
* 
and J*) 

and anisotropic deformation are observed in the basal and dependent regions, while 

relatively small volume change and isotropic deformation are observed in apical and non-

dependent regions. 



24 
 

 

2.4.3 Characteristics of ΔVair*, J* and ADI* in Severe 

Asthmatic Lungs 

The air volume change (ΔVair
*
) in normal lungs increases gradually from the apex 

to the base (from 20% to 80 %) and from the ventral to dorsal lung regions, whereas it 

becomes fairly uniformly distributed in severe asthmatic subjects (Figure 2.5, 7 and 8). 

Quantitatively, the lobar air volume change ratio of U/(M+L)|v =0.78 in severe asthmatics 

is much higher than the air volume change ratio of 0.62 in normal subjects, as shown in 

Figure 2.3B (P < 0.0005). Furthermore, the air volume change and volume change (J*) in 

severe asthmatics increase in the upper lobes, but decrease in the lower lobes as 

compared to normal subjects. Accordingly, we demonstrated that reduced air volume 

change in severe asthma mainly occurs in the lower lobes, which could be substantiated 

by comparing the contours of air volume change captured near 80 % of the apical to basal 

distance as demonstrated in Figure 2.7A and 8A. The relatively small anisotropic 

deformation (ADI*) of the severe asthmatic subject near the basal region (80 % in Figure 

2.8C) might be due to the reduced directionality of diaphragm movement (Table 2.1) in 

the asthmatic group. The geometric shape of the severe asthmatic lung at TLC exhibits 

reduced lung height (apical-basal) and increased lung depth (ventral-dorsal), which is 

also consistent with reduced ADI* in basal regions. 

2.4.4 Relationships between Air Trapping, PFT, ΔVair
*
 

and Tissue Fractions 

Air-trapping percentage (AirT%) of severe asthmatics significantly increases as 

compared to normal subjects (P < 0.005), being consistent with existing studies [15]. The 

result is also substantiated with the tissue fractions at FRC in severe asthmatics that are 

much smaller than in normal subjects on both dorsal-ventral and basal-apical axes as 

shown in Figure 2.10. In addition to overall AirT%, the lobar distributions of air-trapping 

fractions (AirT*) at FRC are different between normal and severe asthmatic subjects 
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(Table 2.6). More specifically, air-trapping fraction in the lower lobes of the severe 

asthmatic subjects increases as compared to normal subjects (see AirT* in Table 2.6), 

being consistent with the finding of Fain et al. [46]. Several imaging studies [1, 66-68, 

135] reported that the areas of ventilation defect are observed mostly in the dependent 

and basal regions. Figure 2.10A and B show that tissue fractions of severe asthmatics are 

much smaller than those of normal subjects in gravitational dependent and basal regions, 

thus implying air trapping and reduced air volume change. The results are consistent with 

existing studies for ventilation defects, qualitatively. 

The PFT analysis of the severe asthmatics demonstrated that air trapping 

(RV/TLC) is correlated with airflow obstruction (FEV1/FVC). Thus, increased air 

trapping in the lower lobes of severe asthmatic subjects may be correlated with reduced 

air volume change. The PFT results shown in Table 2.1 demonstrate that TLC and FRC 

volumes for both normal and severe asthmatic subjects are close to the predicted values, 

and CT-based lung volumes are not different between normal subjects and severe 

asthmatics. Therefore, reduced air volume change in the lower lobes is compensated with 

increased air volume change from upper lung regions. Figure 2.4A and Figure 2.5A 

suggest that reduced air volume change in the lower lung may be correlated with 

relatively increased air volume change of upper lobes, resulting in elevated volume 

change and anisotropic deformation in the upper lobes. A recent study based on 

registration of three lung CT images acquired at different inflation levels [154] 

demonstrated that air volume change depends much more on the lower lobes than the 

upper lobes at the beginning of expiration from TLC. Since FEV1 is measured during one 

second at the beginning of expiration from TLC, the reduced air volume change of lower 

lobes observed in severe asthmatics may contribute to the reduced FEV1 measured in 

PFT. 
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2.4.5 Characteristics of RML 

Among the five lobes, RML has the smallest air volume change, volume change 

and the highest ADI in both normal and severe asthmatic subjects. In addition, significant 

air trapping is also observed in RML. Intuitively RML has less freedom for deformation 

because it is bounded with both upper and lower lobes, resulting in smaller air volume 

change and volume change. The same constraint can also lead to more stretching and 

shearing, reflecting in a high anisotropic deformation. As noted before, J and ADI are 

independent measures. 

In conclusion, air volume change and lung deformation of severe asthmatic lungs 

were studied and compared with those of normal lungs. In the case of normal subjects, air 

volume change, volume change and anisotropic deformation of lower lobes are higher 

than those of severe asthmatic subjects. As a result, the dependence of air volume change 

on lower lobes is greater than upper lobes. In contrast, in the case of severe asthmatic 

subjects, deformation of lower lobes is limited as suggested by decreased volume change 

and reduced anisotropic deformation, resulting in increased volume change and enhanced 

anisotropic deformation in the upper lobes. This study also established some correlations 

between existing variables, such as PFT and air trapping measure from a single CT image, 

and registration-based quantities derived from two CT images, such as lobar fraction of 

air volume change, Vair, J, and ADI. These new variables may potentially serve as 

sensitive measures for the study of asthmatic lungs. 

2.4.6 Limitations and Future Study Directions 

This study shall be extended to investigate the effects of age, BMI and the 

severity of asthma on registration-derived variables in the future. In addition, B-spline 

cubic interpolation provides the smoothed displacement field, which may result in more 

smoothed J* and ADI*. Therefore, the discontinuous effects of lobar slippage and 

boundary near diaphragm shall be investigated with the lung physiology [42, 153]. 
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Furthermore, the trends of the ΔVair
*
 and J* in Figure 2.5A and B in the range of 

Z*0.85-1 are different, and the number of sample points in that region is much smaller 

than other regions due to TLC lung geometry. Yin et al. [152] reported that the 

registration errors in the regions near the diaphragm are greater than other regions. Thus, 

whether the discrepancy in this region is physiological requires further investigation. 
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Table 2.1 The demographic and PFT information of 14 normal subjects  

and 30 severe asthmatics 

 
Normal 

Severe  

Asthma 
P 

 Mean (±SE) Mean (±SE) from T-test 

Age, year 34.5 (±3.9) 47.2 (±2.2) < 0.01 

BMI 25.6 (±1.5) 31.1 (±1.3) < 0.05 

Asthma duration - 28.2 (±3.3) - 

Sex, No. (% Female) 10 (71 %) 18 (60 %) - 

Race, No. 

(White non-hispanic/African 

American/Other) 

10/1/3 

(71%/7%/21%) 

25/3/2 

(83%/10%/7%) 
- 

TLC, % predicted 96 (±3) 97 (±3) 0.75 

FRC, % predicted 90 (±5) 102 (±5) 0.12 

RV, % predicted 90 (±6) 134 (±9) < 0.0005 

FVC, % predicted 98 (±2) 71 (±3) < 1.0×10
-7

 

FEV1, % predicted 96 (±3) 55 (±4) < 1.0×10
-10

 

FEV1/FVC × 100 81 (±1) 60 (±2) < 5.0×10
-10

 

RV/TLC × 100 27 (±2) 44 (±2) < 5.0×10
-6

 

Note: TLC, FRC and RV of 1 normal subject and 1 severe asthmatic subject  

were not available. 
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Table 2.2 The scanner and the scanning protocol used  

for both normal subjects and severe asthmatics 

 Scanner and protocol 

Scanner model GE VCT 64 slice 

Scan type Helical 

Rotation time (s) 0.5 

Detector configuration 

(channel # x mm) 
64 × 0.625 mm 

Pitch 0.984 

Peak kilovoltage (kVp) 120 

miliampere (mA) 

S-145 

M-180 

L-270 

Dose modulation Auto mA OFF 

Reconstruction Algorithm Standard or Detail 

Lung Algorithm None 

Additional 

Image filters 
No Selection 

Thickness (mm) 0.625 

Interval (mm) 0.5 

Iterative reconstruction 

(noise reduction algorithm) 
No Selection 

Scan Time (s) 

30cm length 
< 10 

Note: mA was varied for SARP protocol based on BMI  

size (S: BMI < 20, M: 20 ≤ BMI ≤ 30, L: BMI > 30). 
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Table 2.3 The comparison of the ratio of upright PFT volumes to supine CT volumes;  

air volumes, tissue volumes and tissue volume difference from supine CT between 

normal subjects and severe asthmatics 

 

Normal 

subjects 

Severe  

Asthmatics 
P 

 Mean (±SE) Mean (±SE) from T-test 

TLV
TLC

(CT) / TLC(PFT) × 100 91 (±2) 91 (±2) 0.98 

TLV
FRC

(CT) / FRC(PFT) × 100 88 (±3) 89 (±3) 0.76 

AV
TLC

(CT) / TLC(PFT) × 100 76 (±2) 76 (±2) 0.98 

AV
FRC

(CT) / FRC(PFT) × 100 58 (±4) 64 (±2) 0.23 

IC(CT) / IC(PFT) × 100 94 (±7) 92 (±4) 0.85 

AV
TLC

 (liters) 4.14 (±0.2) 4.27 (±0.2) 0.66 

AV
FRC

 (liters) 1.57 (±0.1) 1.95 (±0.1) 0.06 

TV
TLC

 (liters) 0.79 (±0.04) 0.79 (±0.03) 0.96 

TV
FRC

 (liters) 0.76 (±0.04) 0.75 (±0.02) 0.70 

100

TLC FRC

TLC

TV TV

TV


  (%) 6 (±1) 6 (±1) 0.72 

Note: PFT volumes (TLC, FRC and IC) of 1 normal subject and 1 severe asthmatic 

subject were not available. TLV, AV, IC and TV are total lung volume (air + tissue), air 

volume, inspiratory capacity and tissue volume, respectively. 
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Table 2.4 A mixed (between group and within group) ANOVA test of normal subjects  

vs. severe asthmatics (between) and five lobes (repeated measures) as a grouping and  

a within variable, respectively. 

ANOVA 

(F-test, P value) 

Groups 
(normal vs.  

asthmatics) 

Lung regions 
(LUL, LLL, RUL, 

RML and RLL) 

Interactions 
(Groups ×  

Lung regions) 

Fraction of 

Air volume change 
0.69 < 5 × 10

-22
 < 0.005 

Vair
*
 0.94 < 5.0 × 10

-7
 0.13 

J* 0.90 < 5.0 × 10
-15

 < 0.005 

ADI* 0.07 < 1.0 × 10
-5

 < 0.05 

AirT% < 0.05 < 0.05 0.07 

AirT* 0.49 < 5 × 10
-8

 < 0.05 

Note: Type III sum of squares are employed for F-test, and sphericity is corrected by 

Greenhouse-Geiser epsilon. 
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Table 2.5 The demographic, PFT and CT volume information of the  

selected normal and severe asthmatic subjects 

 

A selected  

normal 

A selected 

severe asthmatic 

Age, year 57.3 47.7 

BMI 19.7 23.9 

Asthma duration - 19.7 

Sex Female Female 

Race 
White 

non-hispanic 

White 

non-hispanic 

TLC, % predicted 93 127 

FRC, % predicted 92 115 

RV, % predicted 88 151 

FVC, % predicted 92 80 

FEV1, % predicted 95 40 

FEV1/FVC × 100 80 40 

RV/TLC × 100 36 42 

AV
TLC

(CT) / TLC(PFT) × 100 78 78 

AV
FRC

(CT) / FRC(PFT) × 100 56 62 

IC(CT) / IC(PFT) × 100 105 95 
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Table 2.6 Means (±SE) of total lung air-trapping percentage (AirT%) and lobar 

contribution of air-trapped voxels (AirT*) 

 
Normal 

subjects 

Severe 

Asthmatics 
P 

 Mean (±SE) Mean (±SE) T-test 

Air trapping percentage  

(Total AirT%), % 
3.4 (±1.2) 10.9 (±1.9) < 0.005 

Lobar 

contribution 

(AirT*), % 

LUL 33.7 (±2.9) 24.8 (±1.8) < 0.05 

LLL 9.3 (±1.6) 15.7 (±1.6) < 0.01 

RUL 16.2 (±2.0) 19.2 (±1.6) 0.258 

RML 30.2 (±3.8) 25.9 (±2.2) 0.349 

RLL 10.6 (±1.6) 14.4 (±1.3) 0.075 

Note: A voxel at FRC image is treated as an air-trapped region if CT intensity  

<856 HU. The difference between AirT% and AirT* is described in the section  

of Method: Air Trapping. 
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Figure 2.1 Comparisons of A: Total lung volume at TLC (TLV

TLC
), B: Total Lung volume 

at FRC (TLV
FRC

), C: Air volume at TLC (AV
TLC

) and D: Air volume at FRC (AV
FRC

) from 

CT scans with the corresponding PFT volumes in normal (black symbols) and severe 

asthmatic (white symbols) subjects: Solid (normal subjects) and dashed (severe 

asthmatics) lines indicate linear fitted regression lines. 
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Figure 2.2 Means (±SE) of the fraction of air volume changes in normal subjects (black 

bars) and severe asthmatics (white bars) by lobe 
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Figure 2.3 Means (±SE) of A: L/R|v ratio and B: U/(M+L)|v ratio of air volume change in 

normal subjects (black bars) and severe asthmatics (white bars) 
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Figure 2.4 Means (±SE) of A: air volume change (ΔVair

*
; P<0.05 in LUL and RLL; 

P=0.06 at LLL; P=0.07 at RUL; P=0.717 at RML), B: volume change (J*; P<0.05 in 

upper and lower lobes, and P=0.183 in RML) and C: anisotropic deformation (ADI*; 

P<0.05 in upper and lower lobes, and P=0.13 in RML) in normal subjects (black bars) 

and severe asthmatics (white bars) 
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Figure 2.5 A: air volume change (ΔVair

*
), B: volume change (J*) and C: anisotropic 

deformation (ADI*) between normal subjects (solid) and severe asthmatics (dashed) 

along lung height (basal-apical axis): Values are normalized by the respective median of 

entire lung, and presented as means ( SE). 
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Figure 2.6 Lobar distributions of normalized air volume change (A, D), volume change (B, 

E), and anisotropic deformation (C, F) for a selected normal subject (left side) and a 

selected severe asthmatic subject (right side). Normalized values are presented as box 

(bottom: 25 percentile, middle: median, up: 75 percentile) and whisker plots (bottom: 5 

percentile, up: 95 percentiles) 
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Figure 2.7 Distributions of: A, air volume change (ΔVair

*
); B, volume change (J*); C, 

anisotropic deformation (ADI*) of a normal subject at 20 % (near apex), 40 %, 60 % and 

80 % (near base) from apical to basal: In each slice, the left lungs are on the left and the 

right lungs are on the right. 
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Figure 2.8 Distributions of: A, air volume change (ΔVair

*
); B, volume change (J*); C, 

anisotropic deformation (ADI*) of a severe asthma subject at 20 % (near apex), 40 %, 60 % 

and 80 % (near base) from apical to basal. In each slice, the left lungs are on the left and 

the right lungs are on the right. 
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Figure 2.9 Frontal views (A, B), Left lateral views (C, D) and right lateral views (E, F) of 

air-trapped regions captured by CT intensity at FRC image < -856 HU, from Apollo 

(Vida Diagnostics). A, C and E: AirT% of a normal subject: total, 0.5 %; LUL, 0.9 %; 

LLL, 0.2 %; RUL, 0.6 %; RML, 1.3 %; RLL, 0.3 % (AirT*: LUL, 37.6 %; LLL, 7.8 %; 

RUL, 20.7 %; RML, 17.0 %; RLL, 16.9 %) and B, D and F: AirT% of a severe asthmatic 

subject: total, 14 %; LUL, 14.4 %; LLL, 5.0 %; RUL, 9.3 %; RML, 39.9 %; RLL, 14.9 % 

(AirT*: LUL, 24.1 %; LLL, 7.8 %; RUL, 11.6 %; RML, 27.5 %; RLL, 29.0 %). Lobes 

are color-coded: LUL (green), LLL (blue), RUL (red), RML (purple) and RLL (orange). 
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Figure 2.10 Means ( SE) of tissue fraction in TLC and FRC; A: on dorsal-ventral axis, B: 

on basal-apical axis of both normal subjects and severe asthmatics: The TLC curves for 

normal subjects and severe asthmatics are difficult to distinguish because they are closely 

juxtaposed. 
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Figure 2.11 Distribution of air volume normalized with the respective mean of: A, TLC; 

B, warped FRC image of a normal subject and C, TLC; D, warped FRC image of a severe 

asthmatic subject; For 3D visualization at TLC domains, we define about 30,000 

parenchymal cubical units to approximate lumped acini. Each cube consists of about 

1,000 voxels given the current image resolutions. 
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CHAPTER 3  

EFFECTS OF PROTOCOL DIFFERENCE ON AIR-TRAPPING AND 

REGISTRATION-BASED LUNG ASSESSMENTS 

3.1 Introduction 

Quantitative computed tomographic (QCT) imaging has received increasing 

attention as it is used to provide objective phenotypes of lung pathology. In QCT imaging 

studies, asthmatics on expiratory scans (functional residual capacity (FRC) or residual 

volume (RV)) have been shown to have more air-trapped voxels than normal subjects 

[110] and severe asthmatics have more air-trapped voxels than non-severe asthmatics 

[15]. Air-trapping has not distinguished non-severe asthmatics from normal subjects, but 

CT-density threshold-based measures of air-trapping have been shown to correlate with 

pulmonary function tests (PFT) [15, 25, 85, 122, 125]. Air-trapping has also proven to be 

an important distinguishing characteristic in QCT of chronic obstructive pulmonary 

(COPD) patients [51, 55, 108, 122]. While air-trapping is typically evaluated in the 

pulmonary function laboratory at RV because of ease of implementation, image-based 

air-trapping has been variably studied at either RV or FRC via QCT and shown to be an 

effective metric in both cases (when scan times for spiral imaging of the lung took 30-40 

seconds, it was easier for a subject to hold their breath at FRC than at RV). 

Image registration techniques have been used as an alternative to the threshold-

based measure for quantification of regional lung mechanics [88, 118, 152] or as a means 

of linking total lung capacity (TLC) and FRC lung densities [51] through matching of a 

pair of CT images at different inflation levels. The image-registration derived variables 

show significant correlations with functional assessment via MRI, SPECT, and Xenon-

CT [20, 95, 118]. We have recently demonstrated that volume changes of severe 

asthmatics decrease preferentially in basal lung regions with compensatory volume 

elevation and anisotropic deformation in apical regions of the supine posture [25]. These 
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techniques have proven to be useful in differentiating airway vs. parenchymal phenotypes 

in a chronic obstructive pulmonary disease (COPD) population [11, 51]. Thus, both CT-

density threshold-based measures and two-image registration-based measures have 

shown strengths in characterizing diseased lungs. 

Busacker et al. [15] adopted the CT-density threshold-based method to evaluate 

air-trapping at FRC CT images of 120 subjects gathered from multiple centers 

participating in the severe asthma research program (SARP) [21, 46, 79, 104, 105, 143]. 

However, the issue concerning scanner differences and protocol variability has been 

identified in various COPD-based studies [9, 98, 123]. To resolve the issues, Kim et al. 

[85] applied the density correction to control inter-subject variability with densities of 

tracheal air and aorta to improve quantification of emphysema at TLC. In addition, 

acquisition and standardization of lung volumes remain a challenging issue, and the 

repeatability and reproducibility in obtaining lung volumes at the same inflation level 

could be important for quantitative analysis of CT images [30, 50, 140]. 

With the goal of utilizing both density-based and two-image metrics to improve 

the differentiation among normal, non-severe and severe asthmatic populations in the 

context of image data gathered from multiple centers, we have utilized data acquired via 

two centers of the NIH-sponsored multi-center severe asthma research program (SARP: 

the University of Pittsburgh (PITT) and the Washington university in Saint Louis (WSL)) 

[21, 46, 79, 104, 105, 143] and normal data acquired at the University of Iowa (UI) via a 

NIH bioengineering research partnership (BRP) grant (HL-064368). Both General 

Electric and Siemens scanners were employed, and coached (SARP) as well as 

pneumotach-controlled (BRP) methods were used to achieve TLC and FRC lung volumes. 

We have sought to employ corrections for the differences of Hounsfield Unit of air (HUair) 

and lung volumes, by introducing a new fraction-based method. Furthermore, we utilized 

the fraction-based measure of air-trapping together with two-image-based measure of air 
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volume change and chest wall configuration, to provide a combined metric serving to 

better differentiate among three populations. 

3.2 Methods 

3.2.1 Human Subject Data Sets 

This imaging study and protocols for acquiring CT images at both TLC and FRC 

were approved by the Institutional Review Boards of respective institutions. We utilized 

data acquired at the UI (Center 1), and at two centers of the SARP at the PITT (Center 2) 

and the WSL (Center 3) [21, 46, 79, 104, 105, 143]. 25 normal subjects were from Center 

1; 70 subjects including “14 normal subjects, 26 non-severe and 30 severe asthmatics” 

were from Center 2; 49 subjects including “11 normal subjects, 16 non-severe asthmatics 

and 22 severe asthmatics” were from Center 3. Thus 50 normal subjects, 42 non-severe 

and 52 severe asthmatics were used for this study (see Table 3.1). Major criteria used to 

define severe asthma include treatments with oral corticosteroids and high-dose inhaled 

corticosteroids, besides several minor criteria [104, 143]. All asthmatic subjects who did 

not meet criteria for severe asthma were classified as non-severe asthmatics. All CT 

images were acquired in the supine postures, and airway and lobar segmentations were 

processed using the Pulmonary Workstation and Apollo software (VIDA Diagnostics, 

Coralville, Iowa) [75, 133]. 

3.2.2 Protocol Differences 

The major differences in the protocols included the use of different scanners and 

breath-hold coaching methods. Center 1, Center 2 and Center 3 used Siemens-Sensation 

64 slice, GE-VCT 64 slice, and Siemens-Sensation 16 slice, respectively (Table 3.2). 

Center 1 employed pneumotach-monitored coaching, whereas Center 2 and Center 3 

employed verbal coaching. To evaluate the sensitivity of scanner difference, tracheal CT 
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densities for voxel air values were measured as follows: The airway masks were first 

obtained via the Pulmonary Workstation or Apollo pulmonary analysis software (VIDA 

Diagnostics, Coralville, Iowa) [72]. They were then eroded using binary filters to exclude 

partial volume contaminated (higher) CT densities near the boundaries. The binary 

erosion was carried out with a ball-shaped element of radius of 6 voxels to all images (see 

Figure 3.1). The median of CT densities in the remaining voxels was used as the HUair for 

each subject. 

As for the coaching methods, the subjects at Center 2 and Center 3 were coached 

to take three deep inspirations and then to hold their breath at TLC for the inspiratory 

scan. For the expiratory scan (FRC), they were coached to take three deep breaths in and 

out and then take deep breath in and release breath out normally and then hold breath. In 

contrast, the breathing volumes of the normal subjects at Center 1 were studied with nose 

plugs in place along with a pneumotachometer. The pneumotachometer was monitored 

using custom-built Lab View software which logged both TLC and RV efforts for 

defining vital capacity (VC) and then was set to close a balloon valve after three deep 

inspirations at ~95% VC and ~20% VC to approximate TLC and FRC, respectively [50]. 

To evaluate the reliability of pneumotach controlled method, we calculated inspiratory 

capacity (IC) from supine pneumotachometer-based measurements acquired in the 

pulmonary function laboratory on the same day as scanning. The pneumotachometer-

measured IC from Center 1 was calculated as follows: 

IC = VC  [%VC (at TLC) - %VC (at FRC)]   (3-1) 

The calculated IC from Equation (3-1) was then compared with the difference in 

lung air volume calculated from the inspiratory and expiratory CT scans. 
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3.2.3 Traditional threshold-based and new fraction-based 

Air-Trapping Measures 

Air-trapping percentage (AirT%) is defined as the ratio of the number of air-

trapped voxels to the number of voxels in the whole lung (total AirT%). With the existing 

density-threshold-based method (Table 3.3), a voxel was regarded as an air-trapped voxel 

if the CT density (I) is below -856 (or -850) at FRC [15, 110], but the approach can be 

sensitive to scanner differences in air calibrations and approaches to handling beam 

hardening and scatter correction. Accordingly, we propose a fraction-threshold-based 

method using fixed air fraction (air) to calculate adjusted thresholds (Ithreshold). First, air 

fraction is defined as follows: 

tissue
air

tissue air

HU -I
β (x)=

HU -HU
     (3-2) 

air is a dimensionless parameter, representing normalized (or relative) air content 

that ranges between 0 and 1. Thus, it is expected to be less sensitive to the scanner 

difference as compared with the existing density threshold-based method that relies on 

the absolute value of CT density. 

Ithreshold=air,thresholdHUair+(1-air,threshold)HUtissue   (3-3) 

Given the fraction threshold air,threshold for air-trapping, HUtissue of 55 and subject-

specific HUair obtained from the CT density at trachea, Equation (3-3) rearranged from 

Equation (3-2) can be used to obtain subject-specific threshold Ithreshold to quantify air-

trapping. This new measure is referred to as the “fraction-based” air-trapping metric (see 

Table 3.3). 
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3.2.4 Structural and Functional Metrics 

Previously we applied an image registration technique to study local distributions 

of air volume change between TLC and FRC in severe asthmatics against those of normal 

subjects [25]. The study has shown that more air is delivered to the upper lobes than the 

lower lobes when asthmatic lungs are expanded from FRC to TLC as compared with 

normal subjects. The shift of air volume change is not only due to increased air-trapping 

in basal and dependent regions at FRC, but also due to the reduced diaphragm movement 

along the apical to basal axis. Hence, we employed two more sensitive variables from the 

previous study. One is the ratio of “the air volume change in the upper lobes” to “the air 

volume change in the lower and middle lobes” (hereafter referred to as the “U/(M+L)|v”). 

This value can be obtained either by image registration between TLC and FRC or by the 

difference of segmented lung volumes at TLC and FRC (see Figure 3.2). While the 

registration can derive the U/(M+L)|v metric at organ scales, it can further provide more 

sensitive variables at local voxel scales [25]. The other is the ratio of “the apical-basal 

distance” to “ventral-dorsal distance” at TLC (hereafter referred to as the “lung shape”) 

by measuring the extreme positions on each axis (Figure 3.2). Thus, we combined the 

U/(M+L)|v and lung shape along with the above-discussed fraction-based metric (Table 

3.3) for differentiating populations of normal subjects, non-severe and severe asthmatics. 

3.2.5 Statistical Analysis 

To evaluate the performance of the proposed fraction-threshold-based method vs. 

the traditional density-threshold-based method for differentiating subject populations and 

the enhanced performance obtained by the additions of U/(M+L)|v and the lung shape, 

analysis of variance (ANOVA) tests with post-hoc Tukey’s tests were performed. 
2
 tests 

were also performed to evaluate association between air-trapping and the severity of 

asthma. Furthermore, Pearson linear correlations and linear regressions were employed. 
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The software R [5, 74, 117] was used for the statistical analysis and statistical 

significance is taken at P < 0.05 level. 

3.3 Results 

3.3.1 Pulmonary Function Test 

Table 3.1 shows demographic and PFT information for 50 normal, 42 non-severe 

asthmatic and 52 severe asthmatic subjects under investigation. The predicted values of 

TLC, FRC and RV are calculated with the equations of Stocks and Quanjer [129], and the 

predicted values of FVC and FEV1 are obtained from the equations of Hankinson [63]. 

RV % predicted values and RV/TLC indicating air-trapping increase in severe asthmatics, 

as compared with normal and non-severe asthmatic subjects, whereas there are no 

differences between normal subjects and non-severe asthmatics. In severe asthmatics, 

both FVC % predicted, FEV1 % predicted values and FEV1/FVC indicating air flow 

obstruction are much smaller than normal and non-severe asthmatic subjects (P < 0.001), 

and those values of non-severe asthmatics are smaller than normal subjects (P < 0.01). 

These characteristics of severe asthmatics are consistent with existing studies [25, 125]. 

3.3.2  Tracheal HUair in Different Scanners 

HUair measured inside trachea is generally expected to be close to -1000 HU. 

Table 3.4 shows that the HUair for each scanner is the mean of the medians for each 

subject in the same imaging center. The HUair in Center 3 images (Siemens-Sensation-16 

scanner) is the closest to the ideal HUair of -1000. Although Center 1 also used a Siemens 

scanner, this was a Sensation-64 and the tracheal HUair was significantly different from 

that of Center 3. The HUair in Center 2 images measured with GE-VCT-64 shows a 

greater deviation from the ideal HUair. The standard errors of the means (SEM) of HUair 
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in Table 3.4 further indicate that inter-site variability is much more significant than inter-

subject variability. 

3.3.3 CT-based Lung Volumes 

CT images were acquired in the supine position, whereas PFT volumes were 

acquired in the upright position (except for the additional supine measurements acquired 

in Center 1). To compare CT-based lung volumes among different centers, the supine 

CT-based air volumes (AV) at TLC and FRC were normalized by their corresponding 

PFT volumes. Table 3.5 shows that the normalized AV
TLC

 and AV
FRC

 are different 

among three imaging centers, whereas the difference of the normalized IC among centers 

is negligible. The AV
TLC

 of Center 3 images is smaller than those of Center 1 and Center 

2 images at TLC (P<0.01), and the AV
FRC

 of Center 1 images is much larger than those 

of Center 2 and Center 3 images at FRC (P<0.001).  

Employing a pneumotachometer-based volume controller, the Center 1 protocol 

yielded the elevated lung volumes at both TLC and FRC, as compared with those of 

Center 2 and Center 3. The Pearson correlation of Center 1 (r = 0.92) between TLC (PFT) 

and air volume at TLC (AV
TLC

 (CT)) is stronger than those of Center 2 (r = 0.76) and 

Center 3 (r = 0.74); the correlation of Center 1 (r = 0.91) between FRC (PFT) and air 

volume at FRC (AV
FRC

 (CT)) is also stronger than those of Center 2 (r = 0.82) and 

Center 3 (r = 0.59). In addition, pneumotachometer-measured IC could be calculated 

with %VC for TLC and %VC for FRC measured in the supine position (Equation (3-1)). 

The pneumotachometer-measured IC is significantly correlated with the segmented IC, as 

shown in Figure 3.3 (r = 0.94), supporting the reliability of volume controllers in 

obtaining CT images. Furthermore, although Center 2 and Center 3 used the same 

coaching method, AV
TLC

 between them are different. 
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3.3.4 Air-Trapping Percentage (AirT%) 

PFT results (see Table 3.1) indicate that non-severe asthmatics did not have air-

trapping because RV% predicted values and RV/TLC are in the normal range. Hence, we 

first analyzed the two extreme populations: normal subjects vs. severe asthmatics for air-

trapping using the traditional density-threshold-based approach (Table 3.3). Figure 3.4 

shows linear regressions between AV
FRC

 and AirT% for Center 2 and Center 3 groups, 

respectively. The increases in air-trapping of severe asthmatics are prominent in both 

Center 2 and Center 3 groups as compared with the normal subjects. AirT% in both 

Center 2 and Center 3 show two distinct slopes for normal subjects and severe asthmatics, 

being significantly correlated with AV
FRC

 measured in CT. However, if Center 1, Center 

2 and Center 3 data are plotted altogether as in Figure 3.5A, the two populations are not 

distinguishable because of inter-site variability. For example, the slope of Center 3 

normal subjects is much steeper than that of Center 2 severe asthmatics, and the means of 

AirT% between Center 3 normal subjects and Center 2 severe asthmatics are not different 

(Figure 3.5). 

Next, we examined the proposed fraction-based method. The optimal air, threshold 

was determined empirically by applying seven values of air=(86,87,88,89,90,91,92)% to 

the normal subjects from Center 1, Center 2 and Center 3. The above range of air was 

estimated with the CT density of I=856 HU (Table 3.4). The adjusted thresholds 

(Ithreshold) for each subject were calculated using Equation (3-2) with the tracheal HUair of 

each subject. Figure 3.6 shows linear regressions between AV
FRC

 and adjusted AirT% for 

three different air values of 88%, 90% and 92% in normal subjects. The results show that 

with fixed air fraction air, data acquired from different sites almost collapse into a single 

regression line. The Spearman correlation between FEV1/FVC and AirT% in normal 

subjects is the best (r=-0.303) with air=90%, although the difference among the 

correlations obtained with these air values is marginal. Thus, we adopted a threshold of 
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air, threshold=90% for the following analysis. The air of 90% is equivalent to the density 

threshold of -895 HU when HUair and HUtissue are set to -1000 and 55.  

When applying the fraction-based method to Center 2 and Center 3 severe 

asthmatics, the correlations exhibit consistent slopes (Figure 3.7A). The mean of air-

trapping in Center 2 severe asthmatics is greater than that in Center 3 severe asthmatics 

(P<0.05, Figure 3.7B). In PFT results, FEV1/FVC of Center 2 severe asthmatics (0.60  

0.02) was smaller than that of Center 3 severe asthmatics (0.68  0.03) (P<0.05), which 

may be associated with the elevated AirT% in Center 2 severe asthmatics. Meanwhile, 

the slopes of air-trapping for non-severe asthmatics are close to those of normal subjects 

as expected from the PFT analysis. 

Adjusted AirT% calculated with the fraction-based approach is significantly 

correlated with AV
FRC

 (Figure 3.8). Therefore, we introduced a slope-based scheme using 

two representative regression lines for classification of subjects into three phenotypes: no 

air-trapping, non-severe air-trapping and severe air-trapping. The association test for this 

new classification scheme shows much stronger association of air-trapping with the 

presence and severity of asthma than that of the existing classification scheme [15] based 

upon a constant threshold of 5.31% (Table 3.6). The threshold used in the existing 

scheme is the median of existing AirT% (calculated with the threshold-based approach) 

of the entire samples, depending on the number and distribution of samples. For example, 

a threshold of 9.66% was obtained in the reference [15] due in part to the fewer normal 

subjects in their study. In addition, adjusted AirT% shows stronger correlation (r=-0.453 

with P<110
-7

) with FEV1/FVC than existing AirT% (r=-0.416 with P<110
-6

). 

3.3.5 Structural and Functional Metrics Added to 

Phenotype 

The lung shape metric (Figure 3.2), measured as the apical-basal vs. ventral-

dorsal distance ratio at TLC, of normal subjects, non-severe asthmatics and severe 
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asthmatics shows clear differences among populations: P<0.01 for normal vs. non-severe 

asthmatic, P<0.05 for non-severe asthmatic vs. severe asthmatic, and P<110
-4

 for 

normal vs. severe asthmatic (Table 3.6). The lung shape is also significantly correlated 

with the decrease of FEV1/FVC (r=0.36, P<110
-5

). Furthermore, the 
2
 association test 

with a threshold of 1.4 for the lung shape indicates the association of lung shape with the 

presence and severity of asthma (Table 3.7). The U/(M+L)|v also shows the clear 

distinction among populations: P<0.05 for normal vs. non-severe asthmatic, P<110
-4

 for 

non-severe asthmatic vs. severe asthmatic, and P<110
-4

 for normal vs. severe asthmatic 

(Table 3.6). The U/(M+L)|v is significantly correlated with air flow obstruction with 

FEV1% predicted (r=-0.47 with P<110
-8

) and FVC% predicted values (r=-0.48, 

P<110
-9

). 
2
 association test with a threshold of 0.7 shows the significant association of 

U/(M+L)|v with the presence and severity of asthma (Table 3.6). The distinctive 

characteristics of lung shape and U/(M+L)|v among populations are still observed in BMI 

controlled sub-group tests (Table 3.7). 

3.4 Discussions 

Several publications [85, 98, 123] have reported the difference of CT density 

caused by scanner differences, but there remain uncertainties regarding how to account 

for these differences. CT density is used for determining air-trapping and emphysema, as 

well as for calculating air fraction and tissue fraction. Therefore, it is important to assess 

the sensitivity of density-based approach to variation of CT density caused by scanner 

difference. This study shows that HUair at trachea is different even using the scanners of 

the same company but different model, and that HUair of GE scanner exhibits greater 

divergence from -1000 HU than those of the two Siemens scanners (see Table 3.4). CT 

density measured in the aorta can be used as HUtissue [85], but this study assumes HUtissue 

as a constant value because the difference was negligible in determining adjusted 
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threshold Ithreshold. This is based on the estimation that with air=0.9, correction of HUair is 

9 times more significant than that of HUtissue according to Equation (3-3).  

Generally, supine CT-based lung volumes are smaller than upright PFT lung 

volumes because of body posture, dead space, and gas in abdomen [142]. While coaching 

subjects helps, there remains variability amongst subject efforts. Compared with Center 2 

and Center 3, Center 1 normal subjects have larger TLC, and more reliable volumes with 

small standard deviation and stronger correlation with PFT-based TLC. 

Pneumotachometer-based volume controllers employed in Center 1 normal subjects can 

monitor lung volumes and enable immediate feedback to the technician during coaching 

subjects to reach the targeted 95% VC. The accuracy of the pneumotach-controlled lung 

volume approach used in Center 1 is further demonstrated by the similarity between the 

IC measured in the supine posture in the pulmonary function laboratory vs. IC calculated 

based upon the CT metrics (Figure 3.3). The effects of body posture and protocol 

differences are more significant in FRC lung volumes (Table 3.5). Relative to Center 1, 

the reduced correlations of AV
FRC

 with FRC (PFT) in Center 2 and Center 3 may reflect 

the difficulty of coaching patients to FRC without the aid of a pneumotachometer [39]. 

Air-trapping is reflected in an increase of RV. However, historically, expiratory 

lung scans have been acquired at FRC because of the difficulty in holding lung volumes 

at RV during, what used to be a 30-40 second breath hold.  While current spiral scanning 

is accomplished in well under 10 seconds, many studies have continued to use FRC. This 

is in the process of changing, such that the NIH sponsored SPIROMICS [33] study has 

shifted to RV. For the purposes of this study, seeking to harmonize data across sites, the 

choice of RV or FRC is inconsequential. In fact, CT density can decrease not only due to 

air-trapping, but also due to the increase of air content from RV to FRC. FRC predicted 

values are also calculated based upon age, gender and height. Thus, air-trapping assessed 

at FRC becomes significantly correlated with the volume of the lung during the FRC 

breath-hold, which has been shown to be variable among sites. Thus, imposing a single 
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AirT% threshold (e.g., 5.31%) to determine air-trapped lungs has the risk of 

misclassifying normal lungs as air-trapped lungs. For example, 44% of normal subjects in 

this study (Table 3.6) and 35% of normal subjects in the previous study [15] were 

considered as air-trapped when the previous classification scheme based on a single AirT% 

threshold [15] was employed. Some normal subjects might be indeed air-trapped, but the 

percentages of air-trapped subjects are unreasonably high given that their PFT-based 

RV/TLC values fall in the normal range.  

Accordingly we introduced a new classification scheme for assessing air-trapping 

based on two representative slopes (Figure 3.8). We made an allowance of 2.5% air-

trapping for the normal group to account for the CT-unresolved airways in the lobar 

masks that may be treated as air-trapped voxels. This approach enables analysis of CT 

images collected across multi-center studies, because it accounts for FRC levels of Center 

1 which are quite different from those of Center 2 and Center 3 (Table 3.5). Relative to 

the existing density-threshold based approach, the strength of the proposed fraction-based 

approach has been demonstrated through the association test with the presence and 

severity of asthma (Table 3.6) as well as the correlation test with FEV1/FVC. 

The lung shape at TLC and the U/(M+L)|v of severe asthmatics are significantly 

smaller and greater than those of normal subjects, respectively (Table 3.7), being 

consistent with an existing study [25]. The lung shape at TLC and U/(M+L)|v for non-

severe asthmatics fall between those of normal and severe asthmatic groups. This result 

suggests the necessity of studying TLC images as well as FRC images to differentiate 

non-severe asthmatic subjects from normal and several asthmatic subjects. Relative to the 

air-trapping measure, the variables of the lung shape and U/(M+L)|v are more sensitive 

than the air-trapping variable of AirT% in terms of differentiating non-severe asthmatics 

from normal subjects (Table 3.6). 

 In conclusion, this study showed the difference of HUair caused by the scanners as 

well as the difference of lung volumes caused by the coaching methods in a multi-center 
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trial setting. We then demonstrated improved correlation with PFT measurements vs. 

those derived from CT imaging when lung volumes are pneumotachometer-controlled. 

When such protocol or coaching differences exist, the existing threshold-based air-

trapping method is required to be adjusted for these multi-center image differences. 

Hence, we proposed a new fraction-based air-trapping measure and a new slope-based 

classification scheme for air-trapping. These approaches substantially improved 

association with the presence and severity of asthma and the correlation with FEV1/FVC. 

Furthermore, this study suggested that lung shape and air volume change (U/(M+L)|v) in 

conjunction with the above new methods provide an improved metric serving to 

differentiate severe from non-severe and non-severe from normal populations. 
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Table 3.1 Demographic and PFT information for 50 normal subjects, 42 non-severe and 

52 severe asthmatics 

 
Normal  

Subjects 

Non-severe  

asthmatics 

Severe  

asthmatics 

ANOVA 

(F-test, P 

value) 

Subjects, No. 50 42 52 - 

Age, year 38.6 (±2.0) 33.7 (±1.5) 43.6 (±1.7) < 0.001 ¥ 

BMI 26.3 (±0.8) 29.5 (±1.2) 32.9 (±1.3) < 0.001 * 

Asthma duration - 19.2 (±1.9) 26.1 (±2.2) < 0.05 ¥ 

Gender, No.  

(% Female) 
31 (62%) 27 (64%) 36 (69%) = 0.74 

Race, No. 

(White non-hispanic/ 

African 

American/Other) 

42/3/5 

(84/6/10%) 

28/9/5 

(67/21/12%) 

32/14/6 

(62/27/12%) 
- 

TLC % predicted 102 (±2) 94 (±2) 104 (±3) < 0.05 ¥ 

FRC % predicted 96 (±3) 89 (±3) 107 (±5) < 0.05 ¥ 

RV % predicted 105 (±3) 101 (±4) 145 (±8) < 1 × 10
-7 

¥* 

RV/TLC × 100 31 (±1) 31 (±1) 44 (±1) < 1 × 10
-13

 ¥* 

FVC % predicted 99 (±2) 89 (±2) 72 (±2) < 1 × 10
-13 

§¥* 

FEV1 % predicted 101 (±2) 80 (±3) 57 (±3) < 1 × 10
-15 

§¥* 

FEV1/FVC × 100 83 (±1) 74 (±2) 63 (±2) < 1 × 10
-15 

§¥* 

Note: The values are presented as means (SEM). TLC, FRC and RV of 2 normal, 1 non-

severe asthmatic and 1 severe asthmatic subjects were not available and only FRC of 1 

non-severe asthmatic was not available. ANOVA tests with Tukey’s post-hoc tests were 

performed for “populations: normal subjects vs. non-severe asthmatics vs. severe 

asthmatics”. § indicates P<0.05 for normal subjects vs. non-severe asthmatics; ¥ indicates 

P<0.05 for non-severe asthmatics vs. severe asthmatics; * indicates P<0.05 for normal 

subjects vs. severe asthmatics. 
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Table 3.2 Scanners and the scanning protocols used for normal, non-severe asthmatic and 

severe asthmatic subjects in different institutions: Center1 (UI), Center2 (PITT), and 

Center3 (WSL). 

Imaging center UI PITT WSL 

Project BRP SARP SARP 

Scanner model 

Siemens 

Sensation 

64 slice 

GE VCT 64 slice 

Siemens 

Sensation 

16 Slice 

Scan type Spiral Helical Spiral 

Rotation time (s) 0.5 0.5 0.5 

Detector configuration 

(channel # x mm) 
64 × 0.6 mm 64 × 0.625 mm 16 × 0.75 mm 

Pitch 1.0 0.984 1.5 

Peak kilovoltage (kVp) 120 120 120 

a) Siemens = Eff. mAs* 

b) GE = mA* 

Effective 

mAs 100 

mA 

S-145; M-180; L-

270 

Effective  

mAs 33 

Dose modulation Care Dose OFF Auto mA OFF Care Dose OFF 

Reconstruction Algorithm B35 Standard or Detail B30 

Lung Algorithm None None None 

Additional Image filters No Selection No Selection No Selection 

Thickness (mm) 0.75 0.625 1.0 

Interval (mm) 0.5 0.5 – 0.625 0.5 – 1.0 

Iterative reconstruction 

(noise reduction 

algorithm) 

No Selection No Selection No Selection 

Scan Time (s) 30cm length < 10 < 10 < 15 

Note: mA was varied for PITT protocol based on BMI size (small: BMI < 20, medium: 

20 ≤ BMI ≤ 30, large: BMI > 30). 
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Table 3.3 Terminologies and the corresponding definitions of imaging phenotypes 

employed in this study 

Terminology Definition 

Density- 

threshold-based  

air-trapping  

Air-trapping estimation with a fixed CT density (I) of empirical 

threshold (e.g. I < -856) 

Fraction- 

threshold-based  

air-trapping  

Air-trapping estimation with a fixed air-fraction (air): an 

adjusted threshold (Ithreshold) for tracheal air attenuation is 

obtained by Equation (3-2) (e.g. air > 0.9). 

U/(M+L)|v 

The ratio of “air volume change in upper lobes” to “air volume 

change in lower and middle lobes” between TLC and FRC 

(Figure 3-2) 

Lung shape 

(chest wall 

configuration) 

The ratio of “apical-basal distance” to “ventral-dorsal distance” 

(i.e. the ratio of “craniocaudal distance” to “anteroposterior 

distance”) (Figure 3-2) 
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Table 3.4 The means (SEM) of HUair in each center, air fractions (air) calculated with 

the fixed density threshold (I=-856) and tracheal HUair (Equation 3-1), and adjusted 

thresholds by the suggested air (90%) (Equation 3-2). 

 
Center 1 Center 2 Center 3 

ANOVA 

(F-test, P value) 

HUair  

(measured in trachea) 
-952 (2.0) -934 (2.1) -994 (1.3) < 1 × 10

-15 
 

air  

(Fixed density I=-856) 
90.5% 92.1% 86.8% - 

Adjusted Ithreshold 

(Fixed air = 90%) 
-851 -835 -889 - 

Note: This table only shows the estimated difference from scanner difference. The 

actually adjusted threshold of each subject is determined by the respective median, not 

from the value listed in the table.  indicates P<0.05 for Center 1 vs. Center 2;  

indicates P<0.05 for Center 2 vs. Center 3;  indicates P<0.05 for Center 1 vs. Center 3. 
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Table 3.5 The comparison of the ratio of supine air volumes (AV) to upright PFT 

volumes and the ratio of supine inspiratory capacity (IC) to upright PFT in normal, non-

severe asthmatic and severe asthmatic subjects  

 Center1 Center2 Center3 
ANOVA 

(F-test, P) 

AV
TLC

(CT) / TLC(PFT) 83 (1) 77 (2) 70 (2) < 1 × 10
-4 
 

AV
FRC

(CT) / FRC(PFT) 78 (2) 63 (2) 58 (3) < 1 × 10
-5 
 

IC(CT) / IC(PFT) 87 (3) 93 (4) 84 (3) = 0.152 

Note: The values are presented as means (SEM). In two-way ANOVA tests, HUair, 

AV
TLC

/TLC (PFT), AV
FRC

/FRC (PFT) and IC/IC(PFT) were not different in between-

populations, so that we performed the follow-up one-way ANOVA tests as shown in 

above. PFT volumes (TLC, FRC and IC) of one Center1, two Center2 and one Center3 

subjects were not available, and only FRC of one Center3 subject was not available. AV 

and IC are air volume and inspiratory capacity, respectively.  indicates P<0.05 for 

Center1 vs. Center2;  indicates P<0.05 for Center2 vs. Center3;  indicates P<0.05 for 

Center1 vs. Center3. 
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Table 3.6 
2
 association tests of existing threshold-based AirT% (threshold = median of 

5.31%), adjusted fraction-based AirT%, lung shape at TLC and functional ratio of air 

volume change U/(M+L)|v with the presence and severity of asthma  

 
Normal 

Subjects 

Non-severe 

asthmatics 

Severe 

asthmatics 


2
 test  

(P value) 

Existing 

AirT% 

No air-trapping 28 (0) 24 (0) 20 (0) 
0.114 

Air-trapping 22 (0) 18 (0) 32 (0) 

Adjusted 

AirT% 

No air-trapping 33 (0) 32 (0) 14 (-) 

< 1  10
-5

 
Non-severe air-

trapping 
13 (0) 4 (0) 16 (0) 

Severe air-trapping 4 (0) 6 (0) 22 (+) 

Lung shape  

at TLC 

Lung shape ≥ 1.4 45 (+) 30 (0) 19 (-) 
< 1  10

-7
 

Lung shape < 1.4 5 (-) 12 (0) 33 (+) 

Ratio of  

air volume 

change 

U/(M+L)|v ≤ 0.7 47 (+) 32 (0) 18 (-) 
< 1  10

-9
 

U/(M+L)|v > 0.7 3 (-) 10 (0) 34 (+) 

Note: The values are presented as the number of subjects (sign of standardized Pearson 

residual). The thresholds of standardized Pearson residual are set to absolute values of 3 

and 4 for 2  3 and 3  3 tables, respectively. Lung shape is defined as the apical-basal vs. 

ventral-dorsal distance ratio.  
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Table 3.7 One-way ANOVA tests with Tukey’s tests for lung shape at TLC (the apical-

basal vs. ventral-dorsal distance ratio), U/(M+L)|v (the air volume change in upper lobes 

vs. middle and lower lobes ratio) 

 
Normal 

Subjects 

Non-severe 

asthmatics 

Severe 

asthmatics 

ANOVA 

(F-test, P value) 

Lung shape at TLC 1.56 (0.02) 1.45 (0.02) 1.37 (0.02) < 1  10
-7

§¥* 

U/(M+L)|v 0.57 (0.01) 0.66 (0.02) 0.80 (0.03) < 1  10
-11

 §¥* 

BMI-controlled sub-group tests below 

Lung shape at TLC 1.57 (0.02) 1.45 (0.02) 1.42 (0.03) < 1  10
-4 

§* 

U/(M+L)|v 0.56 (0.01) 0.67 (0.02) 0.77 (0.03) < 1  10
-8 

§¥* 

Note: The values are presented as mean (SEM). One-way ANOVA tests are performed 

with three populations: normal subjects, non-severe asthmatics, and severe asthmatics. § 

indicates P < 0.05 for normal subjects vs. non-severe asthmatics; ¥ indicates P < 0.05 for 

non-severe asthmatics vs. severe asthmatics; * indicates P<0.05 for normal subjects vs. 

severe asthmatics. In the BMI-controlled sub-group tests (BMI < 32, P = 0.45 for BMI 

among sub-groups), means (SEM) of BMI in 46 normal subjects, 30 non-severe 

asthmatics and 27 severe asthmatics are 25.2 (0.5), 25.6 (0.5) and 26.3 (0.7), 

respectively. 
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Figure 3.1 The segmented airway mask (Transparent) and eroded airway mask (Opaque). 

Binary filters of 6 radius are applied for the erosion. 
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Figure 3.2 Schematics of “U/(M+L)|v” (the ratio of air-volume change in upper lobes to 

air-volume change in lower lobes) and “lung shape” (the ratio of apical-basal distance to 

ventral-dorsal distance). LUL, LLL, RUL, RML and RLL indicate left-upper-lobe, left-

lower-lobe, right-upper-lobe, right-middle-lobe and right-lower-lobe, respectively. 

 

 



68 
 

 
 

 

Figure 3.3 Linear regressions (Pearson r = 0.949, P < 1  10
-12

) of supine 

pneumotachometer-measured inspiratory capacity (IC) acquired in the pulmonary 

function laboratory vs. CT segmented IC. Pneumotachometer-measured IC is calculated 

with Equation 3-1. This data is from the Center 1. 
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Figure 3.4 Existing density-threshold-based AirT% of A: Center 2 normal subjects vs. 

severe asthmatics and B: Center 3 normal subjects vs. severe asthmatics when the 

threshold -856 is applied. 
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Figure 3.5 A: Linear Regressions between AV
FRC

 and existing threshold-based AirT%, B: 

means (SEM) of existing AirT% on seven groups. Center 1 (NS), Center 2 (NS) and 

Center 3 (NS) denote normal subjects; Center 2 (NSA) and Center 3 (NSA) denote non-

severe asthmatics; Center 2 (SA) and Center 3 (SA) denote severe asthmatics from 

respective imaging centers. 

  



71 
 

 
 

 

 
Figure 3.6 Normal subjects from the three sites: Linear regressions between AV

FRC
 and 

adjusted fraction-based AirT% are based on different air fractions: A, 88%; B, 90%; C, 

92%. 
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Figure 3.7 A: Linear Regressions between AV
FRC

 and adjusted fraction-based AirT%, B: 

means (SEM) of adjusted AirT% on seven groups. Center 1 (NS), Center 2 (NS) and 

Center 3 (NS) denote normal subjects; Center 2 (NSA) and Center 3 (NSA) denote non-

severe asthmatics; Center 2 (SA) and Center 3 (SA) denote severe asthmatics from 

respective imaging centers. Note that the severe asthmatics significantly differentiate 

from the non-severe asthmatics and normal subjects, but the normal subjects and non-

severe asthmatics have statistically the same slopes.  
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Figure 3.8 The slope-based regimes of adjusted fraction-based AirT%, obtained from 

linear regressions of normal subjects and severe asthmatics. 
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CHAPTER 4  

STRUCTURAL ASSESSMENT OF AIRWAYS IN ASTHMATIC 

POPULATIONS 

4.1 Introduction 

Asthma can be characterized by several phenotypes of airflow obstruction, 

bronchial hyper-responsiveness and airway inflammation [16]. The hyper-responsiveness 

and chronic inflammation of airways lead to the infiltration of inflammatory cells to 

smooth muscles and the increase of smooth muscle mass. The airway remodeling results 

in the increase of wall area (WA) and the decrease of luminal area (LA), associated with 

acute or chronic airway obstruction [7, 18, 43, 78, 80, 127, 128]. NIH-sponsored multi-

center Severe Asthma Research Program (SARP) [21, 46, 79, 104, 105, 143] has acquired 

CT images at total lung capacity (TLC) and functional residual capacity (FRC), enabling 

the quantitative comparisons of bronchial dimensions among populations via large 

datasets. 

Quantitative computed tomography (CT) has been used to evaluate WA and LA 

of the airways with the advantages of high resolution and noninvasiveness. Some of the 

imaging studies [6, 83] demonstrated significant correlations of CT-measured WA with 

epithelial thickness measures on the biopsy samples. However, the altered morphology of 

airway dimensions in the asthmatic studies remains still controversial. An early study 

[111] investigated the apical bronchus of right upper lobe, and reported that WA 

increases in asthmatics, but LA remains the same as compared with normal subjects. A 

large multi-center study [6] of 123 subjects sponsored by SARP demonstrated the 

increased WA% (WA/total area (TA)) in severe asthmatics, relative to normal and non-

severe asthmatics. However, they also concluded that there is no difference in LA 

between normal subjects and asthmatics. In contrast, the other study [102] argued that LA 
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in asthmatics is smaller than that of normal subjects, but WA in asthmatics is also smaller 

than that of normal subjects. 

Meanwhile, air-trapping is also known to be a physiological characteristic in 

asthmatic patients, which can be assessed by CT image at FRC level (or residual volume 

(RV)). Existing studies found that the air-trapping increases in asthmatics [110], and the 

increase of air-trapping is only prominent in severe asthmatics [15, 24] rather than normal 

subjects and non-severe asthmatics. A recent study [61] clustered asthmatic populations 

with the local changes of luminal volume (LV), wall volume (WV) of right apical 

bronchus and global changes of air-trapping. The study assumed that local changes of 

right apical bronchus are consistent with the alterations of airways in entire regions. 

Meanwhile, we improved existing air-trapping method with a fraction-based approach 

that accounts for the inter-site protocol variation [24], enabling quantitative analysis of 

large data sets acquired via multiple imaging centers. Furthermore, we demonstrated that 

reduced air volume changes of asthmatic patients are observed in mainly lower lobes, and 

the reduced volume changes are compensated with the increased volume change in upper 

lobes with the aid of image registration techniques [24, 25]. 

The alterations of structural and functional variables in asthmatics have been 

reported independently in the existing studies. Nonetheless, the link between these 

variables at both global and local levels [39, 45] is yet to be established to better 

understand their interplays that may shed light on lung pathophysiology. Accordingly, we 

seek to connect structural variables with PFT-based, density-based air-trapping and two 

image-based functional variables. This is because airflow obstruction can be potentially 

correlated with the morphological changes of LA, WA, circularity and bifurcation angles 

[82, 103, 147, 149]. In this study, we examine local structural variables of circularity and 

bifurcation angles as well as LA and WA that have been commonly analyzed. All of 

airway structural variables are normalized by TLC
2/3 

or TLC
1/3

 measured in PFT instead 

of BSA. The hydraulic diameter (Dh) representing the combined effect of non-circularity 
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and reduced LA is compared among normal subjects, non-severe and severe asthmatics. 

The Dh is further correlated with the functional quantities of PFT-based and density-

based and two image-based measures. 

4.2 Methods 

4.2.1 Human Subject Data Sets 

50 normal subjects, 42 non-severe asthmatic and 52 severe asthmatics were used 

for this study. Among the subjects, 25 normal subjects were acquired from a NIH 

bioengineering research partnership (BRP) at the University of Iowa (UI); 14 normal 

subjects, 26 non-severe asthmatics and 30 severe asthmatics were from SARP at the 

University of Pittsburgh (PITT); 11 normal subjects, 16 non-severe asthmatics and 22 

severe asthmatics were from SARP at Washington University in St. Louis (WSL) [21, 46, 

79, 143]. All of the subjects were used to develop a new air trapping measure in a 

previous study [24]. The imaging protocols for acquiring CT images at both TLC and 

FRC were approved by the Institutional Review Boards of respective institution. Table 

4.1 shows the information regarding demography and PFTs, and Table 4.2 summarizes 

the scanners and protocols of respective institution. Major criteria used to define severe 

asthma include treatments with oral corticosteroids and high-dose inhaled corticosteroids, 

besides several minor criteria [104, 143]. 

4.2.2 Structural Variables 

For the geometric analysis, we extracted averaged LA, averaged TA, averaged 

perimeter of LA (Pe) and 1D skeleton from airway masks (Figure 4.1) using the VIDA 

pulmonary software. All of the averaged values were extracted from the middle region 

(30% - 70%) of an airway segment by excluding the first 30% of the proximal region and 
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the last 30% of the distal region. The 1D airway skeleton was used to calculate 

bifurcation angle as follows. 

1Bifurcation angle cos
 

   
 

d1 d2

d1 d2
,     (4-1) 

where d1 and d2, (dot) and | | denote directional vectors of daughter branches, inner 

product of two vectors, and magnitude of the vector, respectively. In this study, the angle 

of a named segment (Figure 4.1) represents bifurcation angle between daughter branches 

of the corresponding segment. The branch of trifurcation angle is excluded in this 

analysis.  

 WA is calculated by WA=TALA (Figure 4.2A), and averaged luminal diameter 

(Dave) and outer diameter (Douter) are calculated by Dave= 4 LA /  and Douter=

4 TA / , respectively. Wall thickness (WT) is calculated by the subtraction of Dave 

from Douter. WT can have different characteristics against WA if airways are constricted 

(Figure 4.2B). LA (or Dave) and WT are mainly employed for evaluating luminal 

constriction (Figure 4.3A and B) and wall thickening, respectively. In addition, 

circularity Cr [138] is employed to assess the degree of non-circularity because some of 

the asthmatic airways have elliptical cross sections (Figure 4.3C and D): 

 

ave

e

Perimeter of an area equivalent circle

Perimeter of a luminalarea

D
Cr

P


  .    (4-2) 

Figure 4.2C shows that the circularity is equal to one if luminal shape is exactly circular, 

whereas it decreases with increasing non-circularity. 
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4.2.3 Flow Parameters 

Two important parameters related to pulmonary airflow and airway resistance are 

hydraulic diameter (Dh) and flow-driven pressure drop (p) as follows: 

2

h e

e

4 LA Cr
D P

P 


  ,     (4-3) 

2 2

h

minor lossmajor loss

2 2

L U U
p f K

D

 
   ,     (4-4) 

where f, L, , U and K denote frictional coefficient, length of the segment, fluid density 

of air, mean velocity and coefficient of minor loss, respectively. The Dh is associated 

with either “LA and Pe” or “Cr and Pe” (Equation 4-3). The first term on the right hand 

side of Equation 4-4 is major loss due to flow-driven pressure drop. It is noted that the 

major loss depends on Dh depending on Cr, rather than Dave. In fully developed laminar 

flow, f is equal to 64/Re
Dh

, where Re
Dh

 = UDh/v and v is kinematic viscosity of the fluid 

[145]. Therefore, given airway length L and mean velocity U in a segment, p due to 

major loss is inversely proportional to Dh
2
 in laminar flow conditions, implying the 

importance of Dh. Meanwhile, the second term on the right-hand side of Equation 4-4 is 

known as minor loss due to flow obstructions caused by airway branching structures and 

heterogeneous airway geometrical shapes. 

4.2.4 Density and Functional Assessment 

To evaluate the correlations of structural variables with functional assessment, we 

obtained air-trapping percentage (AirT%) with CT image at FRC level [15, 24, 110]. The 

AirT% is defined as the ratio of the number of air-trapped voxels to the number of voxels 

in the whole lung (or respective lobes). Instead of existing threshold-based method (CT 
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density < -856) [15, 110], we used a fraction-based method [24] employing air fraction 

(air,threshold = 0.9) to calculate adjusted thresholds (Ithreshold) as follows: 

.   (4-5) 

A voxel is regarded as an air-trapped voxel if the CT density (I) is below 

Ithreshold, and HUair is extracted form tracheal density, and HUtissue is set to 55. 

In the previous study [24, 25], we found that air volume changes in lower lobes 

are reduced and those in upper lobes are elevated in severe asthmatics, as compared with 

normal subjects. Therefore, we employed two more variables: lobar fraction of air 

volume change (VairF) and apical-to-basal distance over ventral-to-dorsal distance 

(hereafter referred to as “lung shape”) to correlate with structural variables such as Dh 

and bifurcation angle. 

4.2.5 Regions of Interests (ROIs) 

Based on anatomical labeling, we have chosen 36 segmental regions of interest 

(ROIs), as shown in Figure 4.1. The aforementioned structural variables can be classified 

into two types: orientation independence vs. orientation dependence. The orientation-

independent variables include WA, LA, TA, WT, Cr, Dave and Dh.  Analysis of the 

orientation-independent variables allows grouping of ROIs in proximity to facilitate data 

analysis. Instead of analyzing six major branches as in [113, 155], we grouped relatively 

small segments into six subgroups to study the correlation of average “local” structural 

variables with “global” PFT-based and “lobar” image-based functional variables. Here, 

among 36 segmental ROIs, 25 relatively small segments are grouped into six subgroups 

of right upper lobe (sRUL), right middle lobe (sRML), right lower lobe (sRLL), left 

upper lobe (sLUL), left middle lobe (sLML or lingual) and left lower lobe (sLLL). They 

are sRUL=(RB1, RB2, RB3), sRML=(RB4+5, RB4, RB5), sRLL=(RB6, RB7, RB8, 

 threshold air,threshold air air,threshold tissueI β HU 1 β HU  
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RB9+10, RB9, RB10),  sLUL=(LB1+2+3, LB1+2, LB1, LB2, LB3),  sLML=(LB4+5, 

LB4, LB5), and sLLL=(LB6, LB8, LB9+10, LB9, LB10). Those grouped branches 

belong to the respective lobes as illustrated in Figure 4.1. The anatomical left upper lobe 

is split into sLML (lingual) and sLUL subgroups because sLML can be branched out 

upwards toward the upper lobe or downwards toward the lower lobe. Thus, for the 

analysis of orientation-independent variables, we used 17 ROIs: 11 large-segmental ROIs 

+ 6 grouped ROIs. 

On the other hand, bifurcation angle is an orientation-dependent variable, 

depending on the alignment of child branches, e.g. with the apical-to-basal axis, the 

ventral-to-dorsal axis, or the left-to-right axis. Thus, grouping of these variables is not 

feasible. For the analysis of orientation-dependent variables, we analyzed only 22 

branches up to generation number 4 (upper lobes) or 5 (lower lobes), i.e. Trachea, RMB, 

TriRUL, RB1, RB2, RB3, BronInt, RLL6, RLL7, TriRLL, RB8, RB9+10, LMB, TriLUL, 

LB1+2+3, LB1+2, LB3, LB4+5, LLB6, TriLLB, LB8 and LB9+10. 

4.2.6 Normalization 

In many studies [59, 102, 130], BSA or body mass index (BMI) have been used to 

normalize LA and WA. However, lung volumes at TLC level are not affected by weight, 

but rather by gender and height based on predicted values of lung volumes [129]. CT-

based TLC would not be a good parameter to normalize LA and WA because we found 

that protocol difference due to different centers affects measurement of lung volume [24]. 

Therefore, we tested the normalization schemes based on BSA and TLC (PFT) for all of 

the dimensional variables. Areas (LA, TA and WA) and lengths (WT, Dave and Dh) are 

normalized by TLC
2/3 

and TLC
1/3

, respectively. Hereafter, the normalized quantities are 

denoted as LA*, TA*, WA*, WT*, Dave
*
 and Dh

*
.  

The percentage of airway wall area defined as follows (see also Figure 4.2A): 
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WA TA LA
WA%

TA TA


        (4-6) 

Several existing studies [6, 102] analyzed WA% instead of WA normalized by 

BSA or WA (not normalized), because the WA normalized by BSA or WA of asthmatics 

were similar or smaller. However, WA% is dependent on both LA and TA (Equation 4-6), 

so that an increase of WA% does not guarantee the increase of WA. Thus, caution must 

be taken in using WA% when evaluating airway wall thickness. 

4.2.7 Statistical Analysis 

Analysis-of-Variance (ANOVA) tests along with Tukey’s post-hoc tests were 

performed for significance check. Furthermore, linear regressions and Pearson linear 

correlations were employed. The software R [5, 74, 117] was used for statistical analysis 

with significance taken at P < 0.05 level. 

4.3 Results 

4.3.1 Comparison of Normalization Schemes 

In existing studies [59, 102, 130], BSA was used to normalize LA and WA 

because there exist some relationships between BSA and lung volume at FRC [120, 121]. 

However, PFT-based TLC lung volume [24] would be more appropriate for 

normalization of bronchial dimension than BSA [12, 58] because it depends on gender 

and height. We compared linear correlations of tracheal LA with BSA and TLC
2/3

 in 

normal subjects. Figure 4.4 shows that PFT-based TLC lung volume (r = 0.671) is more 

correlated with the tracheal LA than BSA (r = 0.489). Therefore, in this study, we 

normalized all of the areas and lengths by TLC
2/3

 and TLC
1/3

, respectively, rather than 

BSA. 



82 
 

 
 

4.3.2 Bifurcation Angle 

The overall bifurcation angles in three populations were close to ~67 (Table 4.3), 

exhibiting no statistical difference at global organ scale. However, ANOVA with Tukey’s 

post-hoc tests on individual bifurcating segments reveals significant difference at local 

segmental level. Figure 4.5 shows that bifurcation angle of RB3 in severe asthmatics is 

smaller than that of normal subjects (P < 0.05), and the bifurcation angle of non-severe 

asthmatics falls between normal subjects and severe asthmatics. In addition, the 

bifurcation angle of LMB in non-severe asthmatics is smaller than normal subjects (P < 

0.05) and the bifurcation angle of severe asthmatics is close to significant level (P = 

0.069) as compared with that of normal subjects. We found that the decrease of the 

bifurcation angle in LMB is correlated with the decrease of lung shape (apical-basal 

distance to ventral-dorsal distance ratio, r=0.26 with P<0.005). Furthermore, the 

bifurcation angles of LB1+2 and RB1 (i.e. the most apical bronchus in respective left and 

right lungs) in severe asthmatics are greater than those of normal subjects, and those in 

non-severe asthmatics fall between normal and severe asthmatics (Figure 4.5). The 

greater angles of both apical bronchi of LB1+2 and RB1 are also correlated with the 

increase of lobar air volume change VAirF as r=0.258 (P < 0.01) and r=0.353 (P < 1×10
-

4
), respectively. 

4.3.3 Normalized Luminal Area, Total Area, Wall Area 

and Wall Thickness   

The averaged LA*, TA* and WA* at the global organ level are not statistically 

different among three populations (Table 4.3), but these variables are significantly 

different at some ROIs (Table 4.4 and Table 4.5). Specifically, LA* of severe asthmatics 

decreases in the sRML, sRLL, TriLLB and sLLL as compared with normal and non-

severe asthmatics, whereas it is in the similar ranges for other ROIs. Most of the regions 

of reduced LA* are consistent with the regions of reduced TA* (including the sRML, 
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sRLL, TriLLB and sLLL). In addition, we compared the existing WA% (WA/TA) with 

LA*. As shown in Figure 4.6, the increase of WA% is significantly correlated with the 

reduction of LA*. Thus, it is difficult to conclude that WA% only reflects airway wall 

thickening in an absolute sense, because the increase of WA% may merely reflect the 

decrease of LA* without changing WA (Figure 4.6). WA* of non-severe asthmatics is 

larger in Trachea and LMB than that of normal subjects, and that in sRLL and sLLL of 

non-severe asthmatics is larger than severe asthmatics. Although WT* might be 

equivalent to WA*, WT* can be different from WA* if airway is constricted or enlarged 

(Figure 4.2B). Therefore, in this study, we focused on analysis of WT*
 
to assess wall 

thickening (Table 4.5) rather than WA* and WA%. Specifically, WT* of BronInt and 

RLL6 in severe asthmatics are larger than that of normal subjects, and WT* of sRUL and 

LMB in both non-severe asthmatic and severe asthmatics also increase. 

4.3.4 Circularity, Normalized Averaged Diameter and 

Hydraulic Diameter 

The overall Cr of severe asthmatics is smaller than that of normal subjects (Table 

4.3), indicating that airways of severe asthmatics are likely to exhibit the shapes of Figure 

4.3C and D. The decrease of circularity (i.e. increase of non-circularity) in severe 

asthmatics is most prominent in the ROIs of RMB, LMB, TriLLB (see Table 4.6), as 

compared with normal subjects. In addition, Dave* calculated from LA* shows clear 

distinction not only between normal subjects and severe asthmatics, but also between 

non-severe asthmatics and severe asthmatics in the RLL7, sRML, sRLL, TriLLB and 

sLLL, especially in the sRLL and sLLL (Table 4.7). Because Dh*
 
depends on both 

circularity and Dave* (Equation 4-3), the difference of Dh* between normal subjects and 

severe asthmatics is augmented especially in the TriRLL, sRLL and sLLL, as compared 

with Dave*. Furthermore, Dh plays a more important role in airway resistance than Dave as 

expressed in Equation 4-4. 
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4.3.5 Correlation of Geometric Variables with Functional 

Quantities 

Dh is one of the major variables that determine flow-driven pressure drop 

(Equation 4-4). Therefore, we performed correlation tests of Dh* with PFT-based, air-

trapping and two image-based lobar air volume changes. In severe asthmatics, FEV1 % 

predicted and FEV1/FVC (measuring airflow obstruction) and RV % predicted and 

RV/TLC (measuring air-trapping) show significant correlations with Dh* (Figure 4.7A). 

AirT% is inversely correlated with the Dh* in the LLL, RML and RLL, suggesting that 

constricted airways might be associated with the increase of air-trapping in the same 

regions (Figure 4.7B). In addition, the decrease of VairF in the lower and middle lobes of 

LLL, RLL and RML is correlated with the decrease of Dh* (Figure 4.7B), indicating that 

constricted airways reduce air volume change in peripheral regions. 

4.3.6 Six Subgroups vs. Six Major Branches 

We grouped CT-resolved small branches belonging to each lobe into sLUL, 

sLML, sLLL, sRUL, sRML and sRLL, in order to correlate structural variables with 

functional variables such as PFT measurements, lobar air-volume change or AirT%. On 

the other hand, existing studies [113, 155] focused on major paths such as RB1, RB4, 

RB10, LB1, LB4 and LB10, so that we compared the results of current groupings with 

those of five major paths. Table 4.8 shows that Dh* of major branches is consistent with 

that of grouped lobes (Table 4.7), but the selected five paths could not represent other 

branches in the same lobe. For instance, Dh* of RB4 and RB10 is not significantly 

different between normal and severe asthmatics (Table 4.8), but the other branches in the 

same lobes such as RB5, RB7 and RB9 show the significant difference between normal 

subjects and severe asthmatics (Table 4.9). Thus, the selected major branches would not 

reflect overall alterations of the corresponding lobes. In addition, we performed 

correlation tests with PFT- and image-based functional variables (Figure 4.8). The Dh 
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averaged in each lobe shows much stronger correlations with PFT-based FEV1/FVC and 

RV % predicted values, lobar AirT% and VairF. The results imply that grouped variables 

would be more representative lobar-variables than six-major branches. 

4.4 Discussions 

In this study, we adopted the normalization scheme that normalizes airway 

structural variables of LA, TA, WA, Dave and Dh by TLC
2/3

 (liter
2/3

) or TLC
1/3

 (liter
1/3

) 

measured in PFTs. In contrast, many existing studies used BSA or BMI for normalization 

to control inter-subject variability [59, 102, 130]. However, the relationships between 

BSA or BMI (determined by height and weight) and airway dimensions (or TLC volumes) 

are unclear [120, 121, 129]. Instead, it is reported that tracheal diameters are correlated 

with gender and height [12, 38, 58]. Since TLC predicted values are determined by 

gender and height [129], we employed lung volume at TLC to normalize bronchial 

dimensions instead of BSA. The correlations with tracheal LA in normal subjects show 

that PFT-based TLC volume is more appropriate than BSA to control inter-subject 

variability of airway dimension (Figure 4.4). It is noted that CT-based TLC lung volume 

is not a good normalization parameter because it is sensitive to inter-site protocol 

differences [24]. 

There exist controversies concerning the increase or decrease of LA and WA in 

asthmatics. Some studies [10, 102] reported the decrease of LA in asthmatics, whereas 

some [6, 111] reported no statistical difference between normal subjects and asthmatics. 

In addition, most of the studies [6, 59, 102] employed WA% for analysis, because WA or 

WA normalized by BSA of asthmatics are similar or decreased relative to normal 

subjects. However, WA% measures the net effect of alterations in LA and WA. That is, 

WA% could be increased with only LA reduction regardless of the increase of WA 

(Figure 4.6). If TA* also decrease along with LA*, it is hard to conclude that WA% 

reflects the mere change of WA. In addition, WA* can also behave differently with WT* 
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if airway size is different (Figure 4.2B). Therefore, it would be better to use WT* than 

WA* and WA% in assessing airway wall thickness.  

WT* increases in the ROIs of BronInt, RLL6, sRUL and LMB in severe 

asthmatics, and it increases in the sRUL, sRLL, sLUL and sLLL of non-severe asthmatics. 

Both non-severe asthmatic and severe asthmatics show the increase of WT* in the sRUL 

including right apical bronchus (RB1). Most of the existing endobronchial biopsies were 

extracted from RB1, and they were compared with CT-measured WT in the same region, 

because it is easily identified on CT scans [56, 59, 111]. In addition, wall volume and 

luminal volume of RB1 were recently used to cluster asthmatic populations into luminal 

constriction and wall thickening [61]. However, our analysis demonstrates that alterations 

of wall thickness and luminal constriction are different, exhibiting heterogeneous nature. 

For instance, the Dave* (or LA*) decreases mostly in lower-lobar regions of severe 

asthmatics, whereas it remains the same in other regions (Table 4.4 and Table 4.7).  

In addition, we analyzed bifurcation angle because of its associations with flow 

structure and local air-volume change. As shown in Figure 4.5, alteration of bifurcation 

angle is locally observed such that the angles of LMB, RB1, RB3 and LB1+2 in 

asthmatics are greater or smaller than those of normal subjects. The decrease of the LMB 

angle in both non-severe and severe asthmatics is distinguishable from that of normal 

subjects. Intuitively, the spatial correlation with the “global” variable of lung shape may 

indicate that reduced deformation on apical-basal axis affect the decreased angle of LMB 

at local segmental level. In addition, only the angles in RB1 and LB1+2 in severe 

asthmatics are significantly greater than those of normal subjects. In fact, the branches of 

RB1 and LB1+2 are the most apical branches in the CT-resolved airways (Figure 4.1). 

Hence, the result implies that relative increase of angle in RB1 and LB1+2 would be 

associated with the increase of air volume change in the corresponding upper-lobar 

regions (r > 0.25 with P < 0.01) [25]. 
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Furthermore, we introduced the new structural variable of circularity. In existing 

studies, this variable was overlooked, although a study mentioned that neglecting the 

effect would underestimate total resistance [147]. The circularity significantly decreases 

in severe asthmatics, as compared with normal subjects (Table 4.3). The non-circular 

shape may reflect distributions of the heterogeneous tissue or smooth muscle mass in 

circumference. In addition, Dh reflects the combined effect of airway constriction and 

non-circularity (Equation 4-3), serving as a sensitive variable in differentiating normal 

subjects from severe asthmatics in the ROIs of sRUL, sRLL and sLLL as compared with 

Dave. It is noted that Dh is a key parameter in evaluating flow-driven pressure drop, 

because the Dh
2
 is inversely proportional to the major loss (Equation 4-4). Although LA*, 

Dave* and Dh* show similar characteristics, utilizing Dh* is more appropriate than 

utilizing LA* and Dave* in quantitative assessment of airway narrowing, because it is 

directly associated with pressure drop. 

We tested correlations of Dh* with different PFT-measurements, one image-based 

AirT% (measuring air trappings), and two image-based assessment. FEV1 % predicted 

values are the most strongly correlated with Dh
*
 in the lower-lobar regions of LLL and 

RLL (Figure 4.7A). Furthermore, RV % predicted values and AirT% are also 

significantly correlated with Dh*, especially in the middle- and lower-lobar regions 

(Figure 4.7). Therefore, the constricted airway geometries detected at TLC image might 

be associated with the residual air at lung volume close to RV level. Furthermore, the 

decrease of air volume change in lower lobes is associated with the decrease of Dh
*
, 

implying that constricted airways reduce air volume change in the peripheral regions 

(Figure 4.7B). 

Non-severe and severe asthmatics are statistically characterized by wall thickness 

without luminal constriction and wall thickness with luminal constriction, respectively, 

but not all subjects exhibit the same tendency inside the respective groups. A recent study 

[61] with 30 normal, 17 non-severe and 48 severe asthmatics performed imaging-



88 
 

 
 

phenotype-based cluster analysis. They grouped asthmatics into three clusters, i.e. 1) 

severe air-trapping with wall thickening and luminal dilation (11 asthmatics), 2) moderate 

air-trapping (34 asthmatics), and 3) severe air-trapping and luminal constriction (17 

asthmatics). Their severe asthmatics were mostly grouped into cluster 1 and cluster 3, and 

non-severe asthmatics were largely grouped into cluster 2. However, they only focused 

on luminal volume and wall volume of RB1 and global air-trapping, but we found that 

constriction is locally observed in lower-lobar regions of severe asthmatics, and wall 

thickness locally increases in both non-severe and severe asthmatics, indicating regional 

heterogeneous nature of variable alterations. Therefore, it is desirable to perform more 

comprehensive cluster analysis including air-trapping, lobar distribution of air-volume 

change, lung shape at TLC, regional wall thickness and hydraulic diameter and the 

representative bifurcation angles, e.g. at LMB, RB1, LB1+2. The imaging cluster 

analysis can be further associated with clinical phenotypes such as allergy, onset of 

asthma and FEV1 [79]. 

In conclusion, we demonstrated that LA* is smaller in severe asthmatics and that 

the reduction of LA is mainly observed in the lower-lobar segment. In addition, only 

WT* increases in some local regions of both non-severe and severe asthmatics. With 

regard to three different populations (i.e. normal subjects, non-severe and severe 

asthmatics), severe asthmatics are characterized by chronic luminal constriction (reduced 

Dh*), whereas both non-severe asthmatics and severe asthmatics are characterized by the 

elevated wall thickness (increased WT*) (Table 4.3). In addition, we found that 

bifurcation angles in asthmatics are locally different from those of normal subjects, and 

local alterations of bifurcation angle at TLC are associated with the lung shape at TLC 

and lobar air-volume change between TLC and FRC. The circularity is also significantly 

decreased in severe asthmatics as compared with normal subjects. The reduced Dh
*
 would 

contribute to the increase of airflow pressure drop, resulting in airway resistance. It is 
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also found that the Dh
* 

observed at TLC level are correlated with PFT-based FEV1 and 

RV, and CT-based AirT% at FRC and two-image based functional variables (VairF). 
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Table 4.1 Demographic and PFT information for 50 normal, 42 non-severe asthmatic and 

52 severe asthmatic subjects  

 
Normal  

Subjects 

Non-severe  

asthmatics 

Severe  

asthmatics 

ANOVA 

(F-test, P 

value) 

Subjects, No. 50 42 52 - 

Age, year 38.6 (±2.0) 33.7 (±1.5) 43.6 (±1.7) < 0.001 ¥ 

BMI 26.3 (±0.8) 29.5 (±1.2) 32.9 (±1.3) < 0.001 * 

Asthma duration - 19.2 (±1.9) 26.1 (±2.2) < 0.05 ¥ 

Gender, No.  

(% Female) 
31 (62%) 27 (64%) 36 (69%) = 0.74 

Race, No. 

(White non-hispanic/ 

African 

American/Other) 

42/3/5 

(84/6/10%) 

28/9/5 

(67/21/12%) 

32/14/6 

(62/27/12%) 
- 

TLC % predicted 102 (±2) 94 (±2) 104 (±3) < 0.05 ¥ 

FRC % predicted 96 (±3) 89 (±3) 107 (±5) < 0.05 ¥ 

RV % predicted 105 (±3) 101 (±4) 145 (±8) < 1 × 10
-7 

¥* 

RV/TLC × 100 31 (±1) 31 (±1) 44 (±1) < 1 × 10
-13

 ¥* 

FVC % predicted 99 (±2) 89 (±2) 72 (±2) < 1 × 10
-13 

§¥* 

FEV1 % predicted 101 (±2) 80 (±3) 57 (±3) < 1 × 10
-15 

§¥* 

FEV1/FVC × 100 83 (±1) 74 (±2) 63 (±2) < 1 × 10
-15 

§¥* 

Note: The values are presented as means (SEM). TLC, FRC and RV of 2 normal, 1 non-

severe asthmatic and 1 severe asthmatic subjects were not available and only FRC of 1 

non-severe asthmatic was not available. ANOVA tests with Tukey’s post-hoc tests were 

performed for “populations: normal subjects vs. non-severe asthmatics vs. severe 

asthmatics”. § indicates P<0.05 for normal subjects vs. non-severe asthmatics; ¥ indicates 

P<0.05 for non-severe asthmatics vs. severe asthmatics; * indicates P<0.05 for normal 

subjects vs. severe asthmatics. 
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Table 4.2 Scanners and the scanning protocols used for normal and severe asthmatic 

subjects in different institutions: UI, PITT, and WSL 

Imaging center UI PITT WSL 

Project BRP SARP SARP 

Scanner model 
Siemens Sensation 

64 slice 
GE VCT 64 slice 

Siemens Sensation 

16 Slice 

Scan type Spiral Helical Spiral 

Rotation time (s) 0.5 0.5 0.5 

Detector configuration 

(channel # x mm) 
64 × 0.6 mm 64 × 0.625 mm 16 x 0.75 mm 

Pitch 1.0 0.984 1.5 

Peak kilovoltage (kVp) 120 120 120 

a) Siemens = Eff. mAs* 

b) GE = mA* 

Effective 

mAs 100 

mA 

S-145; M-180; L-270 

Effective  

mAs 33 

Dose modulation Care Dose OFF Auto mA OFF Care Dose OFF 

Reconstruction Algorithm B35 Standard or Detail B30 

Lung Algorithm None None None 

Additional Image filters No Selection No Selection No Selection 

Thickness (mm) 0.75 0.625 1.0 

Interval (mm) 0.5 0.5 – 0.625 0.5 – 1.0 

Iterative reconstruction 

(noise reduction algorithm) 
No Selection No Selection No Selection 

Scan Time (s) 30cm length < 10 < 10 < 15 

Note: mA was varied for PITT protocol based on BMI size (small: BMI < 20, medium: 

20 ≤ BMI ≤ 30, large: BMI > 30). 
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Table 4.3 ANOVA with Tukey’s post-hoc tests of structural variables among normal 

subjects, non-severe and severe asthmatics in entire regions 

 Normal 

subjects 

Non-severe 

asthmatics 

Severe 

asthmatics 

ANOVA 
(F-test, P value) 

Bifurcation angle 66.7 (±0.55) 66.7 (±0.58) 67.7 (±0.53) 0.379 

Circularity 0.962 (±0.001) 0.961 (±0.001) 0.958 (±0.001) < 0.01 * 

LA* ( 10
4
) 15.03 (±0.35) 15.20 (±0.41) 14.25 (±0.37) 0.1713 

TA*  10
4
) 29.87 (±0.57) 30.67 (±0.66) 29.08 (±0.59) 0.1836 

WA* ( 10
4
) 14.85 (±0.22) 15.50 (±0.26) 14.83 (±0.23) 0.0781 

WT* ( 100) 1.810 (±0.008) 1.876 (±0.009) 1.857 (±0.008) < 1 × 10
-6 

§* 

Dave* ( 100) 4.020 (±0.042) 4.000 (±0.048) 3.833 (±0.044) < 0.005 ¥* 

Dh* ( 100) 3.857 (±0.040) 3.841 (±0.046) 3.674 (±0.042) < 0.005 ¥* 

Note: The values are presented as means (SEM). § indicates P<0.05 for normal subjects 

vs. non-severe asthmatics; ¥ indicates P<0.05 for non-severe asthmatics vs. severe 

asthmatics; * indicates P<0.05 for normal subjects vs. severe asthmatics. 
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Table 4.4 ANOVA with Tukey’s post-hoc tests of luminal area (LA*), total area (TA*) normalized by TLC
2/3

 (liter
2/3

) among  

normal subjects, non-severe and severe asthmatics in each ROI 

17 ROI 

LA* ( 10
4
) TA* ( 10

4
) 

Normal 
subjects 

Non-severe 
asthmatics 

Severe 
asthmatics 

ANOVA 
(F-test,  

P value) 

Normal 

subjects 

Non-severe 
asthmatics 

Severe 

asthmatics 

ANOVA 
(F-test,  

P value) 

Trachea 69.1 (±1.7) 76.0 (±2.5) 74.8 (±2.3) 0.066 116.2 (±2.5) 127.3 (±3.5) 124.7 (±3.3) < 0.05 § 

RMB 50.1 (±1.3) 53.2 (±1.6) 50.1 (±1.6) 0.254 86.4 (±2.3) 93.2 (±2.9) 86.1 (±2.6) 0.110 

TriRUL 22.9 (±0.9) 23.7 (±1.7) 20.9 (±1.1) 0.236 43.2 (±1.6) 44.7 (±2.7) 41.0 (±1.7) 0.412 

BronInt 29.8 (±0.8) 31.6 (±1.0) 31.3 (±0.9) 0.349 52.7 (±1.3) 55.8 (±1.5) 55.8 (±1.4) 0.187 

RLL6 26.4 (±1.5) 26.5 (±1.4) 26.9 (±2.1) 0.978 46.5 (±2.2) 47.4 (±2.0) 48.9 (±3.0) 0.782 

RLL7 18.2 (±0.7) 18.3 (±0.7) 16.0 (±0.8) 0.050 35.5 (±1.1) 36.5 (±1.3) 32.5 (±1.2) < 0.05 ¥ 

TriRLL 14.5 (±0.6) 14.9 (±0.9) 12.7 (±0.6) 0.069 29.5 (±1.0) 30.7 (±1.4) 27.4 (±1.0) 0.100 

sRUL 7.8 (±0.3) 7.5 (±0.3) 7.0 (±0.3) 0.178 18.3 (±0.5) 18.3 (±0.6) 17.6 (±0.5) 0.510 

sRML 7.8 (±0.3) 7.8 (±0.4) 6.5 (±0.3) < 0.01 ¥* 18.3 (±0.6) 18.7 (±0.7) 16.6 (±0.5) < 0.05 ¥ 

sRLL 8.0 (±0.3) 7.6 (±0.3) 6.8 (±0.2) < 0.01 * 18.5 (±0.4) 18.2 (±0.5) 16.7 (±0.4) < 0.01 * 

LMB 31.6 (±1.0) 34.1 (±1.2) 33.5 (±1.0) 0.235 55.3 (±1.7) 61.6 (±2.1) 60.0 (±1.7) < 0.05 

TriLUL 25.8 (±1.8) 24.1 (±1.4) 23.8 (±1.1) 0.581 49.1 (±3.1) 46.9 (±2.2) 46.2 (±1.8) 0.680 

LLB6 24.0 (±1.0) 25.3 (±1.4) 23.9 (±1.6) 0.732 45.6 (±1.9) 48.4 (±2.2) 45.5 (±2.6) 0.612 

TriLLB 17.0 (±0.5) 16.7 (±0.6) 14.5 (±0.7) < 0.01 ¥* 33.7 (±0.9) 33.6 (±1.0) 30.4 (±1.1) <0.05 

sLUL 7.7 (±0.3) 8.1 (±0.4) 7.3 (±0.3) 0.268 17.9 (±0.6) 19.0 (±0.7) 17.7 (±0.6) 0.301 

sLML 8.4 (±0.6) 6.8 (±0.3) 7.2 (±0.5) 0.074 18.8 (±1.0) 16.7 (±0.7) 17.3 (±0.8) 0.203 

sLLL 10.3 (±0.4) 9.8 (±0.3) 8.2 (±0.3) < 1×10
-5
 ¥* 22.5 (±0.6) 22.3 (±0.5) 19.6 (±0.5) < 1×10

-4
 ¥* 

Note: The values are presented as means (SEM). § indicates P<0.05 for normal subjects vs. non-severe asthmatics; ¥ indicates 

P<0.05 for non-severe asthmatics vs. severe asthmatics; * indicates P<0.05 for normal subjects vs. severe asthmatics. 
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Table 4.5 ANOVA with Tukey’s post-hoc tests of wall area (WA*) normalized by TLC
2/3

 (liter
2/3

) and wall thickness (WT*) 

normalized by TLC
1/3 

(liter
1/3

) among normal subjects, non-severe and severe asthmatics in each ROI 

17 ROI 

WA* ( 10
4
) WT* ( 10

4
) 

Normal  

subjects 

Non-severe  
asthmatics 

Severe  
asthmatics 

ANOVA 
(F-test,  

P value) 

Normal  

subjects 

Non-severe  
asthmatics 

Severe 

asthmatics 

ANOVA 
(F-test,  

P value) 

Trachea 47.0 (±0.9) 51.3 (±1.1) 49.9 (±1.2) < 0.05 § 2.78 (±0.03) 2.90 (±0.03) 2.84 (±0.04) 0.092 

RMB 36.3 (±1.1) 40.0 (±1.4) 36.0 (±1.1) 0.052 2.49 (±0.05) 2.64 (±0.06) 2.48 (±0.04) 0.053 

TriRUL 20.3 (±0.7) 21.0 (±1.1) 20.1 (±0.7) 0.712 2.01 (±0.04) 2.05 (±0.04) 2.07 (±0.03) 0.496 

BronInt 22.8 (±0.5) 24.3 (±0.6) 24.6 (±0.6) 0.073 2.02 (±0.03) 2.09 (±0.03) 2.12 (±0.03) < 0.05 * 

RLL 6 20.0 (±0.8) 20.9 (±0.7) 22.0 (±1.0) 0.240 1.91 (±0.04) 1.97 (±0.03) 2.06 (±0.03) < 0.01 * 

RLL7 17.3 (±0.5) 18.3 (±0.6) 16.5 (±0.5) 0.050 1.92 (±0.03) 1.99 (±0.03) 1.93 (±0.02) 0.154 

TriRLL 15.0 (±0.4) 15.8 (±0.5) 14.7 (±0.4) 0.174 1.83 (±0.03) 1.91 (±0.02) 1.89 (±0.02) 0.107 

sRUL 10.6 (±0.2) 10.8 (±0.3) 10.6 (±0.2) 0.711 1.69 (±0.01) 1.75 (±0.02) 1.75 (±0.02) < 0.01 §* 

sRML 10.5 (±0.3) 10.9 (±0.3) 10.1 (±0.3) 0.113 1.68 (±0.02) 1.74 (±0.02) 1.72 (±0.02) 0.101 

sRLL 10.5 (±0.2) 10.6 (±0.2) 10.0 (±0.2) < 0.05 ¥ 1.67 (±0.01) 1.72 (±0.01) 1.69 (±0.01) < 0.05 § 

LMB 23.7 (±0.8) 27.5 (±1.0) 26.5 (±0.8) < 0.01 § 2.04 (±0.04) 2.26 (±0.05) 2.20 (±0.04) < 0.001 §* 

TriLUL 23.3 (±1.4) 22.8 (±1.0) 22.3 (±0.8) 0.829 2.15 (±0.07) 2.18 (±0.05) 2.16 (±0.04) 0.903 

LLB6 21.5 (±0.9) 23.0 (±0.9) 21.6 (±1.0) 0.476 2.07 (±0.05) 2.17 (±0.04) 2.10 (±0.04) 0.294 

TriLLB 16.7 (±0.4) 16.9 (±0.4) 15.9 (±0.5) 0.242 1.90 (±0.03) 1.94 (±0.02) 1.93 (±0.03) 0.513 

sLUL 10.2 (±0.3) 10.9 (±0.3) 10.4 (±0.3) 0.246 1.65 (±0.02) 1.72 (±0.02) 1.70 (±0.02) < 0.05 § 

sLML 10.4 (±0.4) 9.9 (±0.3) 10.1 (±0.3) 0.581 1.64 (±0.02) 1.67 (±0.02) 1.68 (±0.02) 0.380 

sLLL 12.2 (±0.2) 12.6 (±0.2) 11.4 (±0.2) < 0.001 ¥* 1.75 (±0.01) 1.82 (±0.01) 1.78 (±0.01) < 0.001 § 

Note: The values are presented as means (SEM). § indicates P<0.05 for normal subjects vs. non-severe asthmatics; ¥ indicates 

P<0.05 for non-severe asthmatics vs. severe asthmatics; * indicates P<0.05 for normal subjects vs. severe asthmatics. 
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Table 4.6 ANOVA with Tukey’s post-hoc tests of circularity among normal subjects, 

non-severe asthmatics and severe asthmatics in each ROI 

17 ROI 

Circularity 

Normal  
subjects 

Non-severe  
asthmatics 

Severe  
asthmatics 

ANOVA 

(F-test, P value) 

Trachea 0.985 (±0.001) 0.985 (±0.001) 0.982 (±0.001) 0.101 

RMB 0.971 (±0.002) 0.967 (±0.002) 0.958 (±0.003) < 0.001 ¥* 

TriRUL 0.940 (±0.004) 0.942 (±0.006) 0.943 (±0.004) 0.852 

BronInt 0.956 (±0.002) 0.961 (±0.002) 0.958 (±0.002) 0.326 

RLL 6 0.916 (±0.010) 0.931 (±0.009) 0.929 (±0.009) 0.462 

RLL7 0.968 (±0.006) 0.973 (±0.005) 0.966 (±0.006) 0.717 

TriRLL 0.968 (±0.005) 0.959 (±0.009) 0.965 (±0.003) 0.586 

sRUL 0.970 (±0.002) 0.962 (±0.003) 0.964 (±0.002) 0.086 

sRML 0.968 (±0.002) 0.966 (±0.002) 0.962 (±0.002) 0.065 

sRLL 0.963 (±0.002) 0.962 (±0.002) 0.957 (±0.002) 0.059 

LMB 0.977 (±0.001) 0.974 (±0.001) 0.973 (±0.001) < 0.05 * 

TriLUL 0.933 (±0.009) 0.954 (±0.006) 0.954 (±0.007) 0.069 

LLB6 0.960 (±0.005) 0.943 (±0.007) 0.950 (±0.006) 0.178 

TriLLB 0.982 (±0.001) 0.978 (±0.003) 0.973 (±0.003) < 0.05 * 

sLUL 0.960 (±0.002) 0.955 (±0.003) 0.957 (±0.002) 0.394 

sLML 0.957 (±0.003) 0.962 (±0.002) 0.954 (±0.003) 0.227 

sLLL 0.959 (±0.002) 0.961 (±0.002) 0.954 (±0.002) 0.066 

Note: The values are presented as means (SEM). § indicates P<0.05 for normal  

subjects vs. non-severe asthmatics; ¥ indicates P<0.05 for non-severe asthmatics vs. 

severe asthmatics; * indicates P<0.05 for normal subjects vs. severe asthmatics. 
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Table 4.7 ANOVA with Tukey’s post-hoc tests of averaged diameter (Dave*) and hydraulic diameter (Dh*) normalized by TLC
1/3

 

(liter
1/3

) between normal subjects, non-severe and severe asthmatics in each ROI 

17 ROI 

Dave* ( 100) Dh* ( 100) 

Normal  
subjects 

Non-severe  
asthmatics 

Severe  
asthmatics 

ANOVA 

(F-test,  

P value) 

Normal  
subjects 

Non-severe  
asthmatics 

Severe  
asthmatics 

ANOVA 

(F-test,  

P value) 

Trachea 9.35 (±0.12) 9.79 (±0.16) 9.70 (±0.15) 0.078 9.21 (±0.12) 9.64 (±0.16) 9.53 (±0.15) 0.096 

RMB 7.96 (±0.10) 8.20 (±0.12) 7.94 (±0.13) 0.239 7.73 (±0.10) 7.92 (±0.11) 7.60 (±0.12) 0.144 

TriRUL 5.36 (±0.11) 5.41 (±0.16) 5.08 (±0.12) 0.157 5.03 (±0.10) 5.08 (±0.12) 4.79 (±0.12) 0.150 

BronInt 6.14 (±0.08) 6.31 (±0.09) 6.27 (±0.09) 0.371 5.87 (±0.08) 6.07 (±0.09) 6.01 (±0.09) 0.268 

RLL 6 5.70 (±0.16) 5.73 (±0.15) 5.68 (±0.20) 0.982 5.15 (±0.11) 5.31 (±0.12) 5.21 (±0.15) 0.681 

RLL7 4.77 (±0.09) 4.79 (±0.09) 4.44 (±0.11) < 0.05 ¥* 4.60 (±0.08) 4.65 (±0.08) 4.29 (±0.11) < 0.05 ¥* 

TriRLL 4.26 (±0.09) 4.29 (±0.11) 3.97 (±0.09) < 0.05 4.11 (±0.07) 4.08 (±0.07) 3.83 (±0.08) < 0.05 * 

sRUL 3.10 (±0.05) 3.02 (±0.06) 2.93 (±0.05) 0.063 3.00 (±0.04) 2.90 (±0.05) 2.82 (±0.05) < 0.05 * 

sRML 3.06 (±0.06) 3.06 (±0.07) 2.79 (±0.06) < 0.01 ¥* 2.96 (±0.06) 2.96 (±0.07) 2.69 (±0.06) < 0.01 ¥* 

sRLL 3.11 (±0.04) 3.01 (±0.05) 2.82 (±0.05) < 1×10
-4

 ¥* 2.99 (±0.04) 2.89 (±0.04) 2.70 (±0.04) < 1×10
-5

 ¥* 

LMB 6.31 (±0.09) 6.55 (±0.11) 6.49 (±0.10) 0.228 6.17 (±0.09) 6.38 (±0.11) 6.31 (±0.10) 0.322 

TriLUL 5.61 (±0.17) 5.48 (±0.13) 5.44 (±0.12) 0.688 5.19 (±0.12) 5.21 (±0.10) 5.17 (±0.10) 0.972 

LLB6 5.48 (±0.11) 5.61 (±0.14) 5.39 (±0.16) 0.557 5.24 (±0.08) 5.28 (±0.11) 5.09 (±0.13) 0.455 

TriLLB 4.62 (±0.08) 4.58 (±0.08) 4.24 (±0.10) < 0.01 ¥* 4.54 (±0.08) 4.48 (±0.08) 4.13 (±0.10) < 0.01 ¥* 

sLUL 3.01 (±0.06) 3.03 (±0.08) 2.89 (±0.06) 0.261 2.89 (±0.06) 2.89 (±0.07) 2.77 (±0.06) 0.297 

sLML 3.07 (±0.09) 2.85 (±0.07) 2.86 (±0.08) 0.088 2.93 (±0.08) 2.74 (±0.07) 2.73 (±0.07) 0.110 

sLLL 3.52 (±0.05) 3.45 (±0.05) 3.14 (±0.05) < 1×10
-6

 ¥*
 3.36 (±0.05) 3.31 (±0.05) 3.00 (±0.05) < 1×10

-7 
¥* 

Note: The values are presented as means (SEM). § indicates P<0.05 for normal subjects vs. non-severe asthmatics; ¥ indicates 

P<0.05 for non-severe asthmatics vs. severe asthmatics; * indicates P<0.05 for normal subjects vs. severe asthmatics. 
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Table 4.8 ANOVA with Tukey’s post-hoc tests of hydraulic diameter (Dh*) normalized 

by TLC
1/3

 (liter
1/3

) among normal subjects, non-severe and severe asthmatics in major six 

branches (RB1, RB4, RB10, LB1, LB4 and LB10) 

Dh* ( 100) 

6 major paths 

Normal 

subjects 

Non-severe 

asthmatics 

Severe 

asthmatics 

ANOVA 

(P value) 

sRUL RB1 2.88 (±0.06) 2.73 (±0.07) 2.75 (±0.09) 0.355 

sRML RB4 2.51 (±0.05) 2.43 (±0.07) 2.30 (±0.08) 0.08 

sRLL RB10 2.99 (±0.06) 2.84 (±0.07) 2.76 (±0.08) 0.097 

sLUL LB1 2.42 (±0.05) 2.27 (±0.08) 2.36 (±0.07) 0.336 

sLML LB4 2.57 (±0.08) 2.33 (±0.07) 2.32 (±0.07) < 0.05 

sLLL LB10 3.12 (±0.07) 3.21 (±0.07) 2.87 (±0.09) < 0.01 ¥ 

Note: The values are presented as means (SEM). § indicates P<0.05 for normal subjects 

vs. non-severe asthmatics; ¥ indicates P<0.05 for non-severe asthmatics vs. severe 

asthmatics; * indicates P<0.05 for normal subjects vs. severe asthmatics. 
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Table 4.9 ANOVA with Tukey’s post-hoc tests of hydraulic diameter (Dh*) normalized 

by TLC
1/3

 (liter
1/3

) among normal subjects, non-severe and severe asthmatics in excluded 

branches from 6 major paths 

Dh* ( 100) 

Excluded branches 

from 6 major paths 

Normal 

subjects 

Non-severe 

asthmatics 

Severe 

asthmatics 

ANOVA 

(P value) 

sRUL 
RB2 2.85 (±0.06) 2.66 (±0.06) 2.67 (±0.07) 0.074 

RB3 3.27 (±0.08) 3.31 (±0.09) 3.04 (±0.07) < 0.05 

sRML RB5 2.74 (±0.09) 2.73 (±0.09) 2.46 (±0.07) < 0.05 * 

sRLL 

RB6 3.33 (±0.11) 3.22 (±0.12) 3.13 (±0.13) 0.490 

RB7 2.54 (±0.08) 2.43 (±0.11) 2.20 (±0.07) < 0.05 * 

RB8 2.78 (±0.05) 2.84 (±0.07) 2.58 (±0.08) < 0.05 ¥ 

RB9 2.63 (±0.07) 2.51 (±0.07) 2.29 (±0.07) < 0.01 * 

sLUL 
LB2 1.97 (±0.05) 2.00 (±0.08) 1.92 (±0.07) 0.700 

LB3 2.97 (±0.07) 2.98 (±0.11) 2.80 (±0.09) 0.292 

sLML LB5 2.32 (±0.07) 2.33 (±0.06) 2.25 (±0.08) 0.709 

sLLL 

LB6 3.67 (±0.06) 3.51 (±0.08) 3.23 (±0.09) < 0.001 *¥ 

LB8 3.11 (±0.09) 3.08 (±0.09) 2.76 (±0.09) < 0.05 *¥ 

LB9 2.84 (±0.06) 2.75 (±0.07) 2.51 (±0.08) < 0.01 * 

Note: The values are presented as means (SEM). § indicates P<0.05 for normal subjects 

vs. non-severe asthmatics; ¥ indicates P<0.05 for non-severe asthmatics vs. severe 

asthmatics; * indicates P<0.05 for normal subjects vs. severe asthmatics. 
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Figure 4.1 Segmental names of airways: Each bifurcation angle of the segment represents 

the angle between two daughter branches. All of the analysis is performed in the 

respective segmental region. 
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Figure 4.2 A: a schematic of WA%, B: the difference between WA and WT, and C: A 

schematic of circularity from 0.937 to 1.0 and relationship with the ratio of major axis to 

minor axis 
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Figure 4.3 A and B show the examples of constricted luminal areas, whereas C and D 

show the examples of non-circular shapes 
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Figure 4.4 Linear regressions of tracheal luminal area (LA) in normal subjects via two 

different normalizations: body surface area (BSA) and total lung capacity (TLC) 
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Figure 4.5 Bifurcation angles between daughter branches in 22 segmental regions of 

normal subjects, non-severe and severe asthmatics. § indicates P<0.05 for normal 

subjects vs. non-severe asthmatics; ¥ indicates P<0.05 for non-severe asthmatics vs. 

severe asthmatics; * indicates P<0.05 for normal subjects vs. severe asthmatics. 
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Figure 4.6 Linear regressions and Pearson linear correlations between LA* and WA% in 

the 17 respective ROIs with all subjects (normal subjects, non-severe and severe 

asthmatics) 
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Figure 4.7 Pearson linear correlations of Dh* (normalized hydraulic diameter) with A: 

PFT measurements (FEV1 %predicted, FEV1/FVC, RV %predicted, and RV/TLC) and B: 

AirT% and image-registration measurements (lobar VairF: lobar fraction of air volume 

change.* denotes that P (T-test) < 0.05. 
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Figure 4.8 Pearson linear correlations of Dh* (normalized hydraulic diameter) with A: 

FEV1/FVC, B: RV %predicted, C: AirT% and D: lobar VairF: lobar fraction of air 

volume change between 6 grouped values (sLUL, sLML, sLLL, sRUL, sRML and sRLL) 

and 6 major branches (LB1, LB4, LB10, RB1, RB4 and RB10) 
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CHAPTER 5  

REGIONAL CHARACTERISTICS OF PRESSURE DROP AND PARTICLE 

DEPOSITION IN SEVERE ASTHMATICS 

5.1 Introduction 

Phenotypes of asthma could be characterized by airflow obstruction, bronchial 

hyper-responsiveness and airway inflammation [16]. However, flow structure and 

particle deposition based on structural and functional alterations of asthmatics are yet to 

be investigated. In asthmatic studies, ventilation defects and airway structural changes 

were investigated by using magnetic resonance image (MRI), positron emission 

tomography (PET) and single-photon emission computed tomography (SPECT) [65, 67, 

86, 109, 135]. In addition, quantitative computed tomography (QCT) imaging studies 

have shown significant alterations such as reduced airway dimension [102], increased 

wall thickness [6] and air trapping [15, 110]. Although QCT can provide structural 

measurements of the airways up to 6 or 7 generations (~2 mm), quantification of local 

functional variables is still limited. 

Recently, image registration techniques have been utilized to provide functional 

information by matching images at different inflation levels [88, 118, 152]. The 

registration derived-variables were validated by comparing ventilation maps from 

different imaging modalities [20, 95, 118]. Furthermore, the techniques have shown the 

strengths when characterizing functional alterations of disease lungs [11, 51]. For 

instance, a study used the technique in differentiating airway vs. parenchymal phenotypes 

in a chronic obstructive pulmonary disease (COPD) [51]. Recently, we have shown that 

volume changes of severe asthmatics preferentially decreases near basal regions and the 

reduced volume changes are compensated with air-volume change in apical regions [25]. 

In addition, severe asthmatics show the reduced airway dimensions and non-circular 

shapes especially in lower lung regions, unlike normal and non-severe asthmatics [23].  
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Computational fluid dynamics (CFD) technique has become an alternative 

approach for analyzing flow characteristics and particle depositions in human lungs [52, 

87, 93, 112, 158]. In fact, glottal constriction-induced jet-flow of tracheal regions are in 

laminar-transitional-turbulent flow regimes [91, 92], so that direct numerical simulation 

(DNS) or large eddy simulation (LES) is required to resolve turbulent eddy viscosity. 

Most of the researches [157, 158] have been performed with Reynolds averaged Navier-

Stokes (RANS), k- and k-ω models which temporally average the effect of turbulence, 

but these approaches do not adequately predict turbulent features. Only a few simulations 

of CT-resolved-realistic lungs have been performed with LES [27, 28, 32, 101], but most 

of such studies were limited to normal subjects. 

With regard to CFD simulations of asthmatic lungs, a study [77] showed 

alterations of particle depositions with an asthmatic subject before- and after- asthma 

attack, and the other study [36] correlated FEV1 with CFD-based resistance before- and 

after- bronchodilator. However, they imposed parabolic velocity profiles to the trachea 

regions and uniform pressure boundary conditions to 3D-resolved ending branches, under 

the k-w turbulence model or laminar assumption. Meanwhile, Backer et al. [37] 

demonstrates that lobar distributions of air-volume change between SPECT and CT are 

consistent, and they further emphasized the importance of subject-specific boundary 

conditions in CFD simulations. On the other hand, Wongviriyawong et al. [146] argued 

that air-volume change based on static compliances could be different from regional 

ventilation of the subjects with constricted airways. However, their model used major and 

minor losses obtained from a single symmetric bifurcation model with a bifurcation angle 

of 70 [84], and assumed uniform pleural pressure distributions.  

The main objectives of this study are to investigate how functional and structural 

alterations of severe asthmatics observed in existing studies [23-25] affect flow structures 

and particle depositions, and further to evaluate clinical applications of CFD in localizing 

hot spots. The results from severe asthmatics are compared with those of normal subjects 
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in terms of pressure drop and particle deposition. According to our existing population-

based analysis [23-25], severe asthmatics are characterized by the shift of lobar air-

volume change, increased air-trapping of lower lobes, different bifurcation angle of left 

main bronchus (LMB) and right apical bronchus (RB1), decreased circularity, reduced 

hydraulic diameter and increased wall thickness. Therefore, we aim to investigate 

correlations of the aforementioned functional and structural alterations with CFD-

predicted wall shear stress, pressure drop and particle deposition. 

5.2 Methods 

5.2.1 Human Subjects 

The imaging study and protocols for acquiring CT images at both TLC and FRC 

were approved by the Institutional Review Board of University of Pittsburgh as a part of 

NIH sponsored multi-center severe asthma research program (SARP) consortium [21, 46, 

104, 143]. A total of seven human subjects were obtained from the same institution, 

among which three subjects were normal subjects and four subjects were severe 

asthmatics (see Table 5.1). The CT images were taken with GE helical VCT-64 slice 

scanner with the slice thickness of 0.625 mm (see Table 5.2). Major criteria used to 

define severe asthma include treatments with oral corticosteroids and high-dose inhaled 

corticosteroids, besides several minor criteria [143]. The CT scans were acquired in the 

supine positions, and airway and lobar segmentations were processed using Apollo 

software (VIDA Diagnostics, Coralville, Iowa). 

Symptoms of severe asthmatics could be characterized by the decrease of FEV1 

and/or FVC indicating airflow obstruction, and increased RV indicating air-trapping 

through pulmonary function test (PFT) [125]. In addition to PFT, we found that severe 

asthmatics are characterized by increased air-trapping near basal regions, and reduced air-

volume change in lower lungs together with elevated air-volume change in upper lungs 
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[24, 25], as compared with the normal group. Based upon our existing analysis [24, 25], 

we selected three normal subjects and four severe asthmatics with distinctive functional 

and structural characteristics. 

5.2.2 Flow Simulation 

A large-eddy simulation (LES) technique with the subgrid-scale (SGS) turbulent 

eddy viscosity model of Vreman [137] is adopted to resolve laminar-transitional-

turbulent flows in the central airways, because turbulent laryngeal jet is induced at the 

glottal-constricted region above the trachea. The filtered continuity and Navier-Stokes 

equations read: 

0 u ,      (5-1) 

 T

f

1
p

t
 




         

u
u u u ,   (5-2) 

where u, ρ
f
, p, ν

f
 and ν

T
 are velocity vector, fluid density, pressure, fluid kinematic 

viscosity and turbulent eddy viscosity, respectively. The properties of ρ
f
 and ν

f
 are set to 

1.12 kg/m
3
 and 1.64 × 10

-5
 m

2
/s, respectively. 

A characteristic Galerkin finite element method is employed to discretize the 

above equations. The current method provides 2
nd

 order temporal and spatial accuracy 

[27, 90]. A moderate-steady-inspiratory flow-rate of Q=3.27×10
-4

 m
3
/s (20 liters/min) is 

imposed as the inlet condition, being equivalent to the peak flow-rate of a sinusoidal 

waveform with a tidal volume of 500 mL and a period of 4.8 s. The Reynolds number 

(Re) in trachea ranges from 1300 to 1700 based on the flow-rate and individual tracheal 

sizes of three normal and four severe asthmatics. A surface fitting method [100] together 

with Gmesh [53] is used to construct CT-based airway geometries. The numbers of 

elements, time step and computational costs are described in Table 5.3. Since SARP 

study [21, 46, 104, 143] did not gather oropharynx scans, as an alternative we create 
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synthetic turbulence right above the glottal constricted regions. The turbulent intensity 

and largest eddy size are set to be 0.29 and 8 mm, respectively, to mimic the turbulent 

flows found in the CFD simulations with oropharynx [27, 101].  

5.2.3 Boundary Condition 

Figure 5.1 shows the flow charts from image segmentation and registration to 

CFD simulations. An improved physiologically-consistent boundary condition is 

employed as follows to regulate high pressure drop that can be produced sometimes in 

the existing image registration-derived boundary condition [150]. First, the image 

registration technique [57] enables to estimate local air-volume change at voxel level 

between TLC and FRC, and 1D tree structures [49] serve to bridge 3D-resolved ending 

branches and lung parenchyma by the volume filling method [131]. Airway diameters of 

peripheral airways beyond the 3D ending branches are generated by Tawhai’s model 

[132]. Pedley’s airway resistance model [115] along with the generated 1D segment is 

used to predict the pressure of terminal bronchioles (Palv).  

Locally allowable difference of pleural pressure (Ppl) can be calculated by the 

difference of elastic recoil pressure (–PE). The local PE can be estimated with local air-

volumes at TLC (VTLC) and FRC (VFRC) [4, 126]: 

E E,TLC

FRC TLC

1
[ ] ln

/
P Pa P B C

V V





  
     

  
,   (5-3) 

where PE,TLC, B, C and  are set to 2000 Pa, 60 Pa, 300 Pa and -0.8, respectively. This 

relationship is obtained from the experimental data of Smith et al. [124], so that local 

Ppl can be obtained. The local Palv must be larger than Ppl during the inspiration, 

because the inspiration effort to expand the lung from FRC to TLC corresponds to the 

maximum work of the individual subject [64]. In CFD simulations, flow-rate is slowly 
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elevated from 0 s to 0.6 s. With increasing flow rate, Palv is continuously monitored and 

estimated by solving 1D model after running 3D CFD at each time step. Once Palv 

decreases to lower than local maximum Ppl, the flow-rate of the region stops increasing. 

The reduced flow-rate in a region is compensated with the increased flow-rate of the 

other regions to satisfy mass conservation. This approach ensures that airway pressure 

drop falls in known physiologically reasonable range in the presence of constricted 

airways. In the absence of airway constriction, the above boundary condition is 

equivalent to the existing registration-derived boundary condition [150]. 

5.2.4 Pressure Drop 

For the quantitative analysis, pressure drop p is investigated in 31 segments 

(Figure 5.2). p of internal flow is determined by major loss and minor loss as follows: 

2 2

f f

h 2 2
Minor lossMajor loss

U UL
p f K

D

 
   ,     (5-4) 

where f, L, Dh, U and K denote frictional coefficient, branch length from proximal node 

to distal node, hydraulic diameter, mean velocity and minor loss coefficient, respectively. 

The hydraulic diameter is defined as follows: 

c
h

e

4A
D

P
 ,      (5-5) 

where Ac and Pe denote cross-sectional area and perimeter of the airway. In addition, we 

used a variable of Circularity (Cr) to assess elliptic shapes of airway’s cross-section [138]: 
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where Dave= c4 /A  . With the Equation 5-4, Katz et al. [84] derived minor loss 

coefficient K with symmetric bifurcation structures of 70

 angles. In addition, Pedley et al. 

[115] modeled pressure drop in human airway structure based on the principle of energy 

loss:  

1.5

f f

h

32 U L
p

D

 
  .      (5-7) 

The coefficient  is 0.327 for human bifurcation structures. In this study, we evaluate the 

accuracy of two existing airway-resistance models by comparing with the current CFD 

results for both normal and severe asthmatic subjects. 

5.2.5 Particle Simulation 

To compare the characteristics of particle deposition such as air pollutants or 

pharmaceutical aerosols between normal subjects and severe asthmatics, particle 

transport analysis is conducted using LES-predicted air flow fields. For particle 

simulation, Lagrangian particle tracking algorithm [97, 112] is adopted to track particle 

trajectories as follows: 

 p p f

f p

ave p

,
Stk

d U

dt D

 




  



v
v v g     (5-8) 

where v
p
, v

f
, ρ

p
, ρ

f
 and g are particle velocity, fluid velocity corresponding to the particle 

location, particle density, fluid density and gravitational acceleration, respectively. The 

Stokes number (Stk) is defined as follows: 
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where d, vrel, CD
, Cc and α is the diameter of particles and velocity magnitude of the 

particles relative to the fluid velocity, the particle drag coefficient [107], the Cunningham 

slip correction factor [69] and particle-particle interaction factor [47]. The detailed 

descriptions of particle transport simulation can be found in [89, 101]. The number of 

particles is set to 10,000, and three different spherical particle sizes of 2.5, 5 and 10 µm 

are chosen in this study. The particle density and mean free path are 1000 kg/m
3
 and 68 

nm, respectively. “Particle distribution”, “deposition” and “advection” by lobe are 

defined as particles entering each lobe, those deposited in 3D segments of each lobe and 

those exiting 3D ending branches of each lobe without being deposited in 3D segments, 

respectively. 

5.3 Results 

5.3.1 Pulmonary Function Test 

Table 5.1 shows demographic, PFT- and CT-based measurements. In four severe 

asthmatics, the increased residual volume (RV) % predicted value indicates the increase 

of air-trapping. FEV1 % predicted values of severe asthmatic (SA) 1 and 2 subjects are 

relatively close to normal ranges (> 80%), whereas those of SA 3 and 4 subjects are 

significantly smaller than other subjects. FVC % predicted value that may indicate small 

airway (Dave < 2 mm) disease [31] is significantly small only in SA 4 subject. As a result, 

only SA 3 subject has the significant drop of FEV1/FVC unlike SA 4 (normal FEV1/FVC 
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> 70%), implying that SA 3 subject would have significant constriction in CT-resolved 

large airways. Overall, SA 3 and SA 4 subjects have chronic airflow obstructions rather 

than other two severe asthmatics (SA 1 and SA 2). 

5.3.2 CT-based Functional and Geometric Analysis 

CT-based measurements can provide more detailed information than PFT as 

discussed in previous studies [23, 24]. Table 5.4 shows mean (SEM) of the sensitive 

functional and structural variables for normal subjects (NS) and severe asthmatics (SA), 

which are statistically different between the two groups. The severe asthmatics show the 

decrease of lower-lobar air-volume changes and the increase of upper-lobar air-volume 

changes, along with the increased air-trapping (AirT%) in lower lobes, as compared with 

normal subjects. All of the severe asthmatics show the altered bifurcation angles in LMB 

and RB1. Circularity of severe asthmatics in RMB is smaller than normal ranges, and 

normalized wall thickness (WT*) increases in LMB and RB1 except RB1 of SA 3, and 

Dh* of LLL and RLL in only SA 3 is significantly decreased. Overall, the selected three 

normal subjects and four severe asthmatics exhibit eight or more characteristics of each 

group among twelve sensitive variables found before [24, 25].  

In addition, Figure 5.3A shows that the Cr values of four severe asthmatics are 

smaller than those of three normal subjects, thus Dh has to be considered instead of Dave 

when evaluating major losses for pressure drop. For example, the Cr values of RMB and 

TriRUL in four severe asthmatics are definitely deviated from those of normal subjects. 

Especially, SA 3 and 4 having chronic airflow obstructions show relatively smaller Cr 

than normal subjects in Trachea, RB6, RB9+10 and LMB besides RMB and TriRUL. 

Both SA 3 and SA 4 have the prominent drop of Cr, but only SA 3 shows small Dh unlike 

SA 4 in CT resolved airways (Figure 5.3B). We also plotted flow-rate ratio distributions 

after 1
st
 generation, showing that it regionally depends on the presence of severe asthma 

(Figure 5.3C). For instance, the flow-rate ratio of TriRUL determining flow distribution 
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of right-upper-lobe (RUL) is larger in severe asthmatics than normal subjects, whereas 

the flow-rate ratio of LLB6 determining flow-distribution of left-lower-lobe (LLL) is 

relatively smaller in severe asthmatics than normal subjects. The alterations of Cr, Dh and 

flow-rate ratio in severe asthmatics are consistent with existing studies [23-25]. 

Based on the characteristics of individual subjects, lobar distribution (U/(M+L)|dist) 

and advection (U/(M+L)|adv) of particles in response to the shift of air volume change 

(U/(M+L)|v) are assessed between three normal subjects and four severe asthmatics. The 

effect of reduced circularity of RMB on the particle deposition in TriRUL (Table 5.5) is 

assessed between “NS 2, NS 3” and “SA 3, SA 4”. The effect of constricted airways of 

LLL and RLL to particle deposition is assessed with SA 3. The association of bifurcation 

angle in LMB with the increased WT in LB1+2+3 and LB4+5 (Table 5.6) and particle 

deposition are evaluated between NS 1 and SA 3 having extreme bifurcation angles to 

augment the effect for illustration. 

5.3.3 Wall Shear Stress and Pressure Drop 

Figure 5.4 and Figure 5.5 show the distributions of wall shear stress and pressure, 

respectively. Overall, the ranges of wall shear stress among the subjects were similar 

except for NS 1 and SA 3. NS 1 shows a little bit larger wall shear stress than other 

normal subjects from 1
st
 generation. The NS 1 has smaller Dh as shown in Figure 5.3B, 

but it has also relatively smaller lung capacity of TLC and FVC and FEV1 than other 

normal subjects (Table 5.1). Therefore, the increased wall shear stress may not be 

attributable to airway constriction, but inter-subject variability of Dh. On the other hand, 

we found significant wall shear stress in SA 3 having the smallest FEV1/FVC (Table 5.1), 

as expected from reduced Dh (see Figure 5.3B). The Dh of SA 3 gets smaller from the 2
nd

 

generation, so that wall shear stress (Figure 5.4) is significantly increased, resulting in 

significant pressure drop (Figure 5.5) from the beginning of the 2
nd

 generations.  
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With regard to quantitative analysis, we compared the current CFD results with 

two existing airway-resistance models for pressure drop based on the assumption of 

symmetric cylindrical bifurcation [84, 114] (Figure 5.6). Both models [84, 114] are fairly 

consistent with the current simulation in the selected 31 branches of a normal subject 

absent of constricted airways. However, these models cannot predict adverse pressure 

gradient (∆p<0, Figure 5.6A), and the estimated pressure drops in a severe asthmatic 

subject are significantly deviated from the CFD results (Figure 5.6B). Overall, the results 

obtained by a constant average diameter in a cylindrical branch underestimate pressure 

drop. In large pressure drop regions, the difference of pressure drops between symmetric 

models and our simulation is almost four or five folds (Figure 5.6B). We further 

compared the major losses calculated with Dh and those calculated with Dave (Table 5.7). 

In normal subjects the difference between the major losses calculated with Dh and Dave is 

5-10%, but in asthmatics with severely reduced circularity the difference increases 

substantially up to 30%. It is noted that two factors limit the applications of existing 

symmetric models: use of Dh vs. Dave and constant diameter in cylindrical airways. The 

error in pressure drop due to constant vs varying diameters could be much larger than the 

error caused by use of Dh vs. Dave. 

5.3.4 Particle Deposition and Distribution 

Figure 5.7 shows depositions of 10-µm particles in three normal subjects and four 

severe asthmatics. As expected in smaller Dh, NS 1 and SA 3 subjects show the increase 

of particle depositions in CT-resolved regions. Figure 5.8 shows global deposition 

efficiency of three normal and four severe asthmatics according to the Stk in Trachea. 

Since the Stk of NS 1 is relatively large, particle deposition tends to increase in this 

subject because Stk is a function of branch’s Dave (Equation 5-9). SA 3 subject shows the 

prominent increase of particle deposition due to both constriction and non-circular shape. 

In spite of large diameters, SA 4 subject has relatively elevated particle depositions in 
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similar Stk ranges, suggesting that the decreased circularity (non-circular shape) of SA 4 

plays a key role in enhancing particle deposition. 

We tested three different particle sizes to evaluate lobar particle distribution and 

particle advection (see Figure 5.9). With 2.5-µm particles, the U/(M+L)|dist (the particle 

distribution ratio of upper lobes to middle and lower lobes) is quite close to the ratio of 

air-volume changes (U/(M+L)|v) as expected, because small particles follow flow 

streamlines. Although there is slight subject variability, U/(M+L)|dist decreases as particle 

size increases due in part to the inertial effect that particles can easily move along with 

the flow to the lower lobes . On the other hand, U/(M+L)|adv (the particle advection ratio 

of upper lobes to middle and lower lobes) remains almost the same regardless of particle 

sizes, except for SA 3 subject. The U/(M+L)|adv of SA 3 subject increase with increasing 

particle size, meaning that large particles are deposited more in the airways of lower 

lobes. This trend may be attributable to the two major constricted branches of LB10 and 

RB9+10 in SA 3 (Figure 5.10).  

In the TriRUL region, we compared particle depositions between two normal 

subjects and two severe asthmatics with elliptic shapes, because SA 3 and 4 exhibit 

significantly decreased circularities in RMB and TriRUL (Table 5.4 and Table 5.5). In 

Table 5.5, Dave of SA 4 is the largest among four subjects, but Dh is slightly smaller than 

both NS 2 and NS 3 due to the reduced Cr. Both severe asthmatics have large mean 

velocity (U) and SA 4 shows the increased wall thickness (WT) than other subjects in 

TriRUL. Figure 5.11A shows the increased particle deposition efficiency of SA 3 and SA 

4 in TriRUL, as compared with NS 2 and NS 3 in the same Stk range of the parent branch. 

Figure 5.12 displays the distributions of particle deposition in TriRUL. Since the particle 

deposition of TriRUL is mainly due to non-circular shape, variations of Stk for this case 

are not sensitive to the variations of particle size (Figure 5.11A and Figure 5.12). Figure 

5.11B and C show particle deposition efficiency of the branch exhibiting both 

constriction and elliptic shapes (Figure 5.10). Since Stk is proportional to 1/Dave
3
 with a 
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given flow-rate (Equation 5-9), in constricted airways particle deposition is very sensitive 

to particle size. 

Furthermore, we found that asthmatics have smaller bifurcation angle between 

daughter branches of LMB than normal subjects [23]. Therefore, we compared a normal 

subject (NS 1) and a severe asthmatic subject (SA 3) with two extreme bifurcation angles 

(Figure 5.13). As shown in Table 5.6, SA 3 subject has the same Dh (6.7 mm), but larger 

mean velocity U and WT in TriLUL, relative to NS 1 subject. Figure 5.13 shows that the 

particle deposition in SA 3 increases, although SA 3 has a smaller angle between 

daughter branches (LB1+2+3 and LB4+5) of TriLUL. A large angle of LMB yields non-

uniform flow-distribution in TriLUL due to the airway curvature effect, whereas a small 

angle of LMB creates almost uniform flow distribution toward the downstream of the 

bifurcation. Accordingly, the combined effect of the high velocity core and the 

bifurcation of TriLUL increases particle deposition (Figure 5.14). It is noted that the 

asthmatic segments of LB1+2+3 and LB4+5 are associated with greater wall thickness as 

well as more particle deposition than the normal subject (Table 5.6). 

5.3.5 Correlation among Wall Shear Stress, Pressure 

Drop and Particle Deposition 

As shown in Figure 5.15, constriction-induced large velocity (A) creates high wall 

shear stress (B) in association with high velocity gradient on the wall. The significant 

pressure drop (D) is required to overcome elevated wall shear stress. Both parent and 

daughter branches of the constricted segment show the increase of particle deposition 

(Figure 5.15B). Both higher velocity and smaller Dave contribute to be the increase of Stk 

(Equation 5-9), leading to the increase of particle deposition. As a result, constriction-

induced high velocity, wall shear stress and pressure drop are correlated with particle 

deposition. 
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5.4 Discussions 

In previous studies [24, 25], we have demonstrated that air-volume change in 

lower (upper) lobes of severe asthmatics decreases (increases), as compared with normal 

subjects. In addition, severe asthmatics are characterized by reduced Cr, increased WT 

and reduced Dh,, and smaller bifurcation angle of LMB. Accordingly, this study focused 

on flow structures and particle depositions according to the chronic structural and 

functional changes in a moderate inspiratory flow condition (~20 liters/min). Three 

normal and four severe asthmatics were selected based on the characteristics of 

distinctive functional alterations such as increased air-trapping, reduced lower air-volume 

change and increased upper air-volume change. The severe asthmatics (SA 3 and SA 4) 

with small FEV1 % predicted values show the decrease of Cr, whereas only SA 4 subject 

with small FEV1/FVC and normal FVC % predicted has small Dh in CT-resolved regions.  

Overall pressure drop up to 6-7 generations was less than ~ 50 Pa, which is in 

physiologically reasonable range of normal subjects [27], except for subject SA 3 having 

severe airway constriction. Four decades ago, Pedley et al. [114] modeled human airway 

pressure drop using the principle of energy loss in bifurcation structures. More recently, 

Katz et al. [84] employed the principle of engineering pipe flow to estimate minor loss 

coefficients as a function of Re. Wongviriyawong et al. [146] employed the data derived 

by Katz et al. [84] to model airway resistance in CT resolved airways, concluding that 

regional air-volume changes derived by static compliances cannot predict regional 

ventilation of constricted airways. However, airway resistance models developed with the 

idealistic symmetric cylindrical geometry need justification and verification for 

constricted asymmetric airways of asthmatics. 

Therefore, we compared pressure drops in 3D resolved airways with a normal 

subject and a severe asthmatic subject with two existing airway-resistance models (see 

Figure 5.6). CFD results of the normal subjects show fairly close solutions with existing 

pressure models, although they are not strictly matched in small pressure drop regions 
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(less than 1 Pa). However, the models could not predict adverse pressure gradient of short 

branch with smaller inlet and large outlet. In addition, existing models fail to predict 

pressure drops in constricted airways, especially in large pressure drop regions (larger 

than 40 Pa). If pressure drops in proximal airways are not correctly estimated, pressure 

drops in peripheral regions could be overestimated in the case that inlet pressure and 

terminal pressures are confined as in [146]. In fact, pressure drops in airways are 

determined by the shear stress acting on airway wall, so that pressure drops could be 

totally different if airways exhibit elliptic and/or irregular shapes in a branching segment. 

In addition, the minimum FEV1 volume among our subjects is ~ 1 liter (SA 3), whereas 

our simulation is performed in 0.327 liter/s. In this range, it is hard to conclude that air-

volume changes derived from static compliances are different from dynamic breathing, as 

long as pressure distribution is much smaller than the variance of pleural pressure (~ 3 

kPa) [144]. 

Investigating characteristics of particle deposition in severe asthmatics is 

important for inhaled pharmaceutical drugs, airborne bacteria or air pollutants. Lobar 

distributions of small particles are fairly consistent with air-volume distribution (Figure 

5.9). With increasing particle size, the delivery of particles to lower lobes may increase 

because of the increased inertial effect of large particles. On the other hand, regardless of 

particle size, the advection ratio of particle distribution remains the same except for 

subjects with constricted airways in lower lobes, e.g. SA 3. This is because 3D-resolved 

airways of lower lobes (~6 generations) have more branches than those of upper lobes 

(~4 generations), so that it is possible that particles distributed toward lower lobes due to 

the inertial effects would be more deposited in the regions. The prominent increase of 

U/(M+L)|adv in SA 3 would be due to significantly constricted airways (RB9+10 and 

LB10) in lower lobes (Figure 5.10). 

In severe asthmatics, the structural variables of circularity, bifurcation angle, and 

constriction are found to significantly affect particle deposition. In SA 3 and SA 4 with 
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chronic airflow obstructions, non-circular shapes of airways are detected in RMB and 

TriRUL, along with increased flow in TriRUL (Table 5.5). Particle depositions in 

TriRUL having non-circular shapes are relatively larger than other normal subjects 

having airways of circular shapes (see Figure 5.11A and Figure 5.12). In addition, both 

the reduced bifurcation angle of LMB and the increased flow of TriLUL in the severe 

asthmatic subject generate the uniform flow distribution (Figure 5.13), which 

subsequently leads to increased particle deposition on downstream. Presumably, the wall 

shear stress due to increased flow and particle distribution toward upper lobes in severe 

asthmatics may increase the chance of inflammation in the upper lobar regions, which 

may reflect on the increased wall thickness as in LB1+2+3 and LB4+5 (Table 5.6). Lastly, 

abrupt constriction of airways as shown in Table 5.6 corresponds to the reduced Dh of 

airways, which then subsequently create strong jet flows downstream. This is 

accompanied with the significant increase of Stk because Stk is proportional to Dave
-3

. In 

fact, the increase in deposition of large particle may be largely caused by airway 

constriction. 

In conclusion, we applied a high-fidelity CFD model together with CT image-

based airway models to study pressure drop and particle deposition in both normal and 

asthmatic lungs. With the aid of image registration technique, the subject-specific 

physiologically-realistic-flow boundary condition is derived based on air-volume 

difference between two CT lung images of the same human subject. We compared CFD-

predicted pressure drop with those of existing models derived from idealistic symmetric 

cylindrical bifurcation structures. For a normal subject, both models predicted reasonable 

pressure drops, but they failed to estimate pressure drop with heterogeneous airway 

structures as in asthmatic subjects. As expected from flow-rate distribution, particle 

distribution and particle advection to upper lobes are larger in severe asthmatics, relative 

to normal subjects. In both normal and severe asthmatics, with increasing particle size, 

particles are distributed more toward lower lobar regions due to the inertial effects. 
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Alterations of bifurcation angle, circularity, diameter, flow-rate ratio of the airways in 

severe asthmatics result in an increase of particle deposition. Especially, the constricted 

airways contribute to high wall shear stress, elevated pressure drop, and significantly 

increased particle deposition.  
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Table 5.1 Demographic, pulmonary function test (PFT)-based and CT-based information 

of three normal subjects and four severe asthmatics 

 

Normal subjects (NS) Severe asthmatics (SA) 

NS 1 NS 2 NS 3 SA 1 SA 2 SA 3 SA4 

Demo- 

graphy 

Sex F F F F M F F 

Age (yrs.) 57 59 29 59 60 48 61 

BMI 19.7 23.7 22.2 30.5 22.9 23.9 32.4 

Asthma 

Duration 
- - - 3.4 38.8 19.7 10.6 

PFT 

TLC (liters) 
(% predicted) 

4.65 
(93%) 

5.96 
(107%) 

5.24 
(101%) 

4.71 
(101%) 

5.55 
(113%) 

5.55 
(128%) 

6.95 
(98%) 

FRC (liters) 
(% predicted) 

2.51 
(92%) 

3.40 
(116%) 

2.52 
(91%) 

2.34 
(90%) 

3.17 
(117%) 

2.87 
(115%) 

4.13 
(113%) 

RV (liters) 
(% predicted) 

1.66 
(88%) 

2.24 
(108%) 

1.42 
(96%) 

2.28 
(126%) 

2.65 
(140%) 

2.34 
(151%) 

3.95 
(163%) 

RV/TLC 36% 38% 27% 48% 48% 42% 57% 

FVC (liters) 
(% predicted) 

3.16 
(92%) 

3.82 
(100%) 

4.00 
(101%) 

2.43 
(78%) 

2.78 
(84%) 

2.52 
(80%) 

1.83 
(39%) 

FEV1 

(liters) 
(% predicted) 

2.53 
(95%) 

2.97 
(100%) 

3.15 
(94%) 

1.98 
(82%) 

1.95 
(76%) 

1.02 
(40%) 

1.19 
(34%) 

FEV1/FVC 80% 78% 79% 82% 70% 41% 65% 

CT 
TLC (liters) 3.65 5.37 4.31 3.90 4.93 4.33 5.64 

FRC (liters) 1.41 2.04 1.79 1.95 2.77 1.77 2.85 

Note: All of normal subjects and severe asthmatics are Caucasians and non-smokers. PFT 

and CT measurements are obtained in upright and supine positions, respectively. 
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Table 5.2 The scanner and the scanning protocol used for both normal  

subjects and severe asthmatics 

 Scanner and protocol 

Scanner model GE VCT 64 slice 

Scan type Helical 

Rotation time (s) 0.5 

Detector configuration 

(channel # x mm) 
64 × 0.625 mm 

Pitch 0.984 

Peak kilovoltage (kVp) 120 

miliampere (mA) 

S-145 

M-180 

L-270 

Dose modulation Auto mA OFF 

Reconstruction Algorithm Standard or Detail 

Lung Algorithm None 

Additional 

Image filters 
No Selection 

Thickness (mm) 0.625 

Interval (mm) 0.5 

Iterative reconstruction 

(noise reduction algorithm) 
No Selection 

Scan Time (s) 

30cm length 
< 10 

Note: mA was varied for protocol based on BMI size (S: BMI < 20, M: 20  

≤ BMI ≤ 30, L: BMI > 30). 
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Table 5.3 The number of elements, simulation time step, and computation costs 

 

Normal subjects (NS) Severe asthmatics (SA) 

NS 1 NS 2 NS 3 SA 1 SA 2 SA 3 SA 4 

Elements 

(Tetrahedral) 
4,765,726 3,980,840 4,966,096 4,200,905 4,298,995 4,132803 4,765,726 

Time step (s) 5 × 10
-6

 5 × 10
-6

 5 × 10
-6

 5 × 10
-6

 5 × 10
-6

 3 × 10
-6

 5 × 10
-6

 

CPU cores 192 128 192 192 128 160 160 

Simulation 

times (hours) 
~240 ~353 ~230 ~333 ~264 ~408 ~240 

Total cost 

(hours) 
~107,712 ~64,320 ~32,256 ~63,936 ~33,792 ~65,280 ~38,400 
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Table 5.4 The ratio of air-volume change in upper lobes to air-volume change in middle and lower lobes (U/(M+L)|v), AirT%, 

Bifurcation angle, Cr, WT normalized by PFT-based TLC
1/3 

(WT*) and Dh normalized by PFT-based TLC
2/3

 (Dh*). 

 U/(M+L)|v 
AirT% Bif. Angle Cr WT* Dh* 

RLL LLL LMB RB1 RMB LMB LMB RB1 LLL RLL 

NS 
0.57 

(0.01) 

2.3 

(0.5) 

3.2 

(0.6) 

83.5 

(1.3) 

55.3 

(1.9) 

0.971 

(±0.002) 

0.977 

(±0.001) 

2.04 

(±0.04) 

1.67 

(±0.02) 

3.36 

(±0.05) 

2.99 

(±0.04) 

SA 
0.80 

(0.03) 

9.5 

(1.6) 

10.8 

(1.8) 

79.5 

(1.4) 

64.4 

(1.7) 

0.958 

(±0.003) 

0.973 

(±0.001) 

2.20 

(±0.04) 

1.74 

(±0.03) 

3.00 

(±0.05) 

2.70 

(±0.04) 

NS 1 0.548 0.2 0.4 87.6 48.6 0.959 0.978 2.00 1.65 3.60 3.11 

NS 2 0.640 0.3 0.2 73.9 80.0 0.974 0.975 1.92 1.79 3.26 2.99 

NS 3 0.655 1.0 0.5 74.0 - 0.962 0.977 2.01 1.37 2.74 3.35 

SA 1 0.880 7.2 7.7 72.0 82.4 0.934 0.983 2.26 2.07 3.13 3.24 

SA 2 0.703 36.9 50.9 75.3 78.7 0.938 0.980 2.55 1.93 3.48 3.26 

SA 3 0.816 24.6 11.1 63.0 74.8 0.927 0.961 2.34 1.58 2.51 1.91 

SA 4 0.835 43.3 52.5 71.7 63.1 0.926 0.954 2.42 1.75 3.50 2.86 

RLL and LLL indicate right-lower-lobe and left-lower-lobe respectively. 
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Table 5.5 Dave, circularity, Dh and mean velocity of two normal subjects (NS 2 and  

NS 3) and two severe asthmatics (SA 3 and SA 4) in TriRUL region 

 
Normal subjects Severe asthmatics 

NS 2 NS 3 SA 3 SA 4 

TriRUL 

Dave (mm) 8.3 8.2 6.1 8.5 

Cr (Circularity) 0.95 0.96 0.82 0.88 

Dh (mm) 7.9 7.8 5.0 7.6 

U (mean velocity, m/s) 1.03 1.02 2.29 1.28 

WT* 2.03 1.77 2.05 2.26 

WT (wall thickness, mm) 3.68 3.07 3.62 4.31 

Note: Mean (SEM) of WT* of 50 normal subjects from the previous study (Chapter 4) 

in TriRUL is 2.01 (0.04). 
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Table 5.6 Dave, circularity, Dh and mean velocity of two normal subjects (NS 2 and  

NS 3) and two severe asthmatics (SA 3 and SA 4) in TriLUL region 

 
Normal  

(NS 1) 

Severe asthmatic 

(SA 3) 

TriLUL 

Dave (mm) 7.0 6.9 

Cr (Circularity) 0.96 0.97 

Dh (mm) 6.7 6.7 

U (mean velocity, m/s) 1.58 2.16 

WT* 1.82 2.16 

WT (wall thickness, mm) 3.04 3.82 

LB1+2+3 
WT* 1.71 2.07 

WT (wall thickness, mm) 2.86 3.67 

LB4+5 
WT* 1.64 1.98 

WT (wall thickness, mm) 2.74 3.50 

Note: Mean (SEM) of WT* of 50 normal subjects in the previous study (Chapter 4) in  

TriLUL, LB1+2+3 and LB4+5 are 2.15 (0.07), 1.87 (0.03) and 1.85 (0.04), 

respectively. 
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Table 5.7 The ratio of major loss calculated by Dave to that calculated by Dh in RMB, 

TriRUL, RB6 and RB9+10 regions 

 
Normal subjects Severe asthmatics 

NS 1 NS 2 NS 3 SA 1 SA 2 SA 3 SA 4 

RMB 0.925 0.952 0.925 0.871 0.880 0.860 0.858 

TriRUL 0.912 0.911 0.920 0.879 0.844 0.679 0.783 

RB6 0.914 0.895 0.902 0.951 0.951 0.773 0.663 

RB9+10 0.921 0.943 0.949 0.929 - 0.830 0.858 
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Figure 5.1 Flow charts of connecting CT image-based structure and functional 

information for physiologically consistent CFD simulations 
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Figure 5.2 Segmental names of airways: Each angle of the segment represents the 

bifurcation angle between two daughter branches. 
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Figure 5.3 Structural variability of Cr (A) and Dh (B) for 31 segments and functional 

variability of flow-rate ratio distribution (C) after 1
st
 generation in three normal and four 

severe asthmatics 

  



134 
 

 
 

 

 

Figure 5.4 Regional distribution of wall shear stress in A: normal subjects and B: four 

severe asthmatics in steady inspiratory flow-rate of ~20 liters/min 
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Figure 5.5 Regional distribution of pressure in A: normal subjects and B: severe 

asthmatics in steady inspiratory flow-rate of ~20 liters/min 
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Figure 5.6 Pressure drops of 31 branching segments in A: a normal and B: a severe 

asthmatic subject with current CFD simulations and those calculated by existing models 

by Pedley et al. (1970) and Katz et al. (2011) 
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Figure 5.7 Regional depositions with particles with size of 10 m in A: normal subjects B: 

and severe asthmatics 
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Figure 5.8 Global deposition efficiency according to Stk in trachea based on three 

different particle sizes (2.5, 5 and 10 µm) in three normal subjects and four severe 

asthmatics  
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Figure 5.9 A: U/(M+L)|dist (The particle distribution ratio of upper lobes to middle and 

lower lobes) and B: U/(M+L)|adv (The particle advection ratio of upper lobes to middle 

and lower lobes) 
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Figure 5.10. Two representative constricted regions of A: RB9+10 and B: LB10 in lower 

lobes in SA 3 subject 

  



141 
 

 
 

 

Figure 5.11 Particle deposition efficiency in A: TriRUL, B: RB9 and RB10 and C: LB10 

daughters according to Stk of parent branch  



142 
 

 
 

 

Figure 5.12 Correlations among non-circularity, bifurcation angles, and particle 

deposition in TriRUL regions between A: normal subjects and B: severe asthmatics. All 

of the images are plotted as back-view. 
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Figure 5.13 Correlations among particle deposition, bifurcation angle, and mean velocity 

in TriLUL between normal subject 1 and severe asthmatic 3 
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Figure 5.14 Particle deposition efficiency in LB1+2+3 and LB4+5 according to Stk of 

parent branch (TriLUL) 
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Figure 5.15 Correlations among A: high velocity due to constriction, B: particle 

deposition, C: wall shear stress and D: pressure drop.  
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CHAPTER 6  

SUMMARY 

6.1 Registration-Based Assessment of the Regional Lung 

Function in Normal Subjects vs. Severe Asthmatics 

As an evaluation of the utility of such an imaging approach, we explored two 

groups at the extremes of population ranging from normal subjects to severe asthmatics. 

A mass preserving image registration technique was employed to match CT images at 

total lung capacity (TLC) and functional residual capacity (FRC) for assessments of 

regional air volume change and lung deformation between the two states. Fourteen 

normal subjects and thirty severe asthmatics were analyzed via image registration-derived 

metrics together with their pulmonary function test (PFT) and CT-based air-trapping. 

Relative to the normal subjects, the severe asthmatics demonstrated reduced air volume 

change (consistent with air trapping) and more isotropic deformation in the basal lung 

regions, while demonstrating increased air volume change associated with increased 

anisotropic deformation in the apical lung regions. These differences were found despite 

the fact that both PFT-derived TLC and FRC in the two groups are near 100% of 

predicted values. Data suggested that reduced basal-lung air volume change in severe 

asthmatics is compensated by increased apical-lung air volume change and that relative 

increase in apical-lung air volume change in severe asthmatics is accompanied by 

enhanced anisotropic deformation. In conclusion, CT-based deformation, assessed via 

inspiration vs. expiration scans, could provide a tool for distinguishing differences in lung 

mechanics when applied to the extreme ends of a population range. 
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6.2 Effects of Protocol Difference on Air-trapping and 

Registration-based Lung Assessments 

Lung air-trapping and air volume change can be estimated via quantitative 

computed tomography (CT) using one-image CT-density threshold-based measures on 

expiration or two-image registration-based measures. However, the effects of scanner 

differences and imaging protocol adherence on quantitative assessment are known to be 

problematic. Therefore, we studied the effects of using different CT scanners and 

protocols in a multi-center study of asthma and propose new methods that can adjust 

inter-site and inter-subject variations. CT images of 50 normal, 42 non-severe asthmatic 

and 52 severe asthmatic subjects at total lung capacity (TLC) and functional residual 

capacity (FRC) were acquired using three different scanners and two different coaching 

methods. Tracheal density was extracted to correct Hounsfield Unit of air (HUair), and a 

fraction-based approach with the corrected HUair was applied to quantify air-trapping at 

FRC. The fraction-based measure was enhanced by adding a lung shape metric at TLC 

and a registration-based measure of air volume change between TLC and FRC. The 

fraction-based measure of air-trapping was able to collapse data into two regression lines 

with distinct slopes that differentiate severe asthmatics from normal subjects and non-

severe asthmatics. Furthermore, both lung shape and air volume change were found to be 

discriminant variables for differentiating three populations of normal subjects, non-severe 

asthmatics and severe asthmatics. In conjunction with the variables of lung shape and air 

volume change, the fraction-based measure has enabled differentiation of three 

populations, allowing for the differentiation of severe from non-severe and non-severe 

from normal populations. 
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6.3 Structural Assessment of Airways in Asthmatic 

Populations 

Existing studies on alterations of wall thickness (WT) and luminal area (LA) in 

asthmatics were inconclusive and their correlations with airway bifurcation angle, 

circularity and hydraulic diameter (Dh) remain unclear. Therefore, we examined the 

correlations of these structural variables with pulmonary function test (PFT) and image-

based functional variables among three populations: normal subjects, non-severe and 

severe asthmatics. 50 normal subjects, 42 non-severe and 52 severe asthmatics were 

studied. The structural variables of WT, LA, bifurcation angle, circularity and Dh that 

reflects the combined effect of airway constriction and circularity were measured from 

CT images. The image-based functional variables included air-trapping at functional 

residual capacity (FRC) and lobar air volume change between total lung capacity (TLC) 

and FRC. TLC measured in PFT was used for normalization of dimensional variables. 

The bulk normalized WT increased in both non-severe and severe asthmatics. In severe 

asthmatics, the normalized LA was mainly reduced in the lower-lobar segments, and 

bifurcation angles of apical bronchi (LB1+2 and RB1) were larger than those of normal 

subjects, being correlated with the increase of upper-lobar air volume change. 

Furthermore, the circularity and Dh significantly decreased in severe asthmatics, and the 

Dh is correlated with PFT-based forced expiratory volume in 1 s (FEV1), residual volume 

(RV) % predicted values, air-trapping and air-volume change. The bulk normalized WT 

can be used to distinguish asthmatics from normal subjects. The bifurcation angle, 

circularity, normalized LA and Dh can be used to differentiate severe asthmatics from 

non-severe asthmatics. Dh serves as the most significant variable that bridges airway 

segmental features and global lung functions.  
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6.4 Regional Characteristics of Pressure Drop and 

Particle Deposition in Severe Asthmatics 

Severe asthmatics were characterized by structural alterations of bifurcation angle, 

non-circular shape, reduced diameter of airways and airway wall thickness, as well as 

functional alterations of air-trapping and air-volume change shifting from basal region to 

apical region. A high-fidelity large-eddy-simulation (LES) CFD model for transitional 

and turbulent flows was applied to study air-flow characteristics and particle deposition 

in both normal and severe asthmatic lungs. Airway models of three normal subjects and 

four severe asthmatics were constructed from computed tomography (CT) volumetric 

images. With image registration, subject-specific physiological flow boundary conditions 

were derived based on air-volume difference between CT images at total lung capacity 

(TLC) and functional residual capacity (FRC). Particle transport simulations were 

performed on CFD-predicted flow fields with 2.5, 5 and 10-µm particles. The CFD 

results were compared with existing airway-resistance models developed upon the 

assumption of symmetric cylindrical bifurcation. Existing resistance models could not 

estimate the pressure drop of the severe asthmatic subject with constricted airways. In 

severe asthmatics, the increased air-volume change of upper lobes in severe asthmatics 

affected the increase of particle distribution toward upper lobes, especially for small 2.5-

µm particles. The structural alterations of airway bifurcation angle, circularity and 

diameter in severe asthmatics were associated with the increase of particle deposition. 

Especially, the constricted airways were correlated with high wall shear stress, leading to 

increased pressure drop and particle deposition. These characteristics were also spatially 

correlated with increased airway wall thickness. Chronic functional and structural 

alterations of severe asthmatics are significantly associated with particle distribution and 

deposition in local regions at segmental scale. 
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6.5 Limitations 

 

In CHAPTER 3, we performed population-based statistical analysis, but most of 

the analysis was evaluated with the given explanatory variables. However, some other 

variables may also be important and shall be considered in future studies. For example, 

the inter-center variations of tracheal CT density and air-volumes at TLC and FRC might 

be associated with socioeconomic and environmental effects besides protocol differences. 

In addition, In CHAPTER 4, we performed linear correlation tests to investigate the 

relationships between structural and functional variables. However, for more reliable 

correlation analysis, logarithmic transformation of data is desirable to improve the data 

distribution. Thus, the multivariate regression models of transformed data including 

socioeconomic and environmental effects may provide improved associations for all of 

the structural and functional variables. 

In CHAPTER 5, we performed CFD simulations on limited samples having only 

three normal subjects and four severe asthmatics. This is because LES-based turbulent 

simulations require significant computational costs as shown in Table 5.3. To obtain 

more statistically reliable results, it is a necessity to increase the number of representative 

subjects from each group. In addition, our CFD simulations were performed under the 

assumptions of rigid airway wall, static surface-boundary of TLC image and steady-

inspiratory flow. Thus, the effects of tissue compliances, displacements of surface 

boundary and dynamic breathing were not considered because of limited knowledge 

about tissue properties and significant computational costs for breathing lung simulations. 

In fact, change of bifurcation angle between TLC and FRC and compliant airways would 

affect particle deposition and pressure drop, respectively. Therefore, some of the results 

and discussions in this dissertation require further validation with simulations using more 

realistic conditions as listed above. 
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6.6 Future Studies 

6.6.1 Multi-Center Study 

 We performed a population study of air-trapping (CHAPTER 3) with a fraction 

threshold-based air-trapping method that can control inter-site variability of scanners and 

breath-hold coaching methods. The proposed method facilitates increasing the number of 

samples via multi-center studies, because the proposed method is not sensitive to the 

variations of scanners and breath-hold coaching. The increased number of samples can 

reduce statistical error and provide more reliable results. In addition, the performance of 

proposed slope-based classification can be validated via blind tests with CT images of 

asthmatics from different centers. 

6.6.2 Cluster Analysis 

 We found unique characteristics of structural variables such as wall thickness, 

hydraulic diameter, circularities and bifurcation angle of asthmatic populations 

(CHAPTER 4). In fact, the classification between non-severe asthmatics and severe 

asthmatics only depends on the treatments of oral corticosteroid and high-dose inhaled 

corticosteroids besides severe minor criteria [104, 143]. Thus, the classification may not 

reflect the functional and structural alterations such as air-trapping, wall thickening and 

chronic constriction. Accordingly, the aforementioned altered characteristics could be 

utilized to classify asthmatic subjects into sub-populations via cluster analysis. The 

imaging cluster analysis would be associated with clinical phenotypes such as allergy, 

onset of asthma and FEV1 [79], which can be utilized to develop therapeutic 

interventions for each cluster. 
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6.6.3 Application to COPD 

 COPD is characterized by the increased emphysema and elevated air-trapping 

with CT scans at TLC and FRC levels. The assessment is performed with CT density 

threshold-based method, but the method turns out problematic in the multi-center study. 

Therefore, the proposed fraction-based method can be applied to evaluate emphysema at 

TLC and air-trapping at FRC in COPD populations. In addition, in the COPD study, 

image registration can be utilized to assess local air-volume change and deformation, and 

CFD technique can be employed to investigate flow structure and particle deposition with 

registration-derived air-volume change. The comprehensive analysis of COPD via image 

registration and CFD may shed light on structural and functional differences of COPD vs. 

Normal and COPD vs. asthma. 
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