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ABSTRACT 

Using micro-computed tomography it is possible to detect the 

presence of pathologies which alter the lung's normal density. The density 

of the lungs can be altered depending on the amount of air, tissue, cells or 

fluid they contain. Using established mouse models of house dust mite 

(HDM) induced asthma, TGF-J31 induced pulmonary fibrosis (PF) and 

lipopolysaccharide (LPS) induced neutrophilic inflammation, this thesis 

examines if CT densitometry can distinguish between different 

pathophysiological processes. An airway segmentation method was 

applied to the CT images and data from these regions were assessed to 

determine: first, if pathologies can be detected compared to control 

animals; secondly, if pathological progression within each model can be 

measured; and finally, if it is possible to distinguish between the 

pathologies themselves. Lung histology and bronchoalveolar lavage fluid 

cytology, and total lung resistance (for the asthma model only) were 

assessed to confirm the disease models. The results showed that a 

healthy lung can be distinguished from a diseased lung in all three models. 

Pathological progression and resolution were also visible in the asthma 

and LPS groups. No changes were noted between the examined time 

points in the PF model. This corresponded to histological findings. It is 

also possible to distinguish between many of the pathologies based on the 

density profiles alone. Thus, CT densitometry affords a non-invasive 

method to longitudinally assess disease progression and resolution which 

is useful for the testing of novel therapeutics within the same subject. 
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Regional CT density assessment, allows for the detection of localized 

pathologies around the airways which whole lung assessments may not 

be sensitive enough to detect. 
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CHAPTER 1 

1 INTRODUCTION 

Mice are one of the most commonly used experimental animals for preclinical 

studies. The ability to identify and distinguish between different pulmonary 

pathologies non-invasively in mice would be a valuable tool for longitudinal 

studies of disease progression and drug therapies. This would enable the study 

of temporal progression or resolution of pathologies in the same subject without 

the need of terminal procedures, and thus, eliminate inter-subject variability 

(Grenier et al, 1996; Guerrero et al, 2007; Cavigli et al, 2009). 

Using micro-computed tomography (micro-CT) it is possible to detect the 

presence of pathologies which alter the lungs' normal density. The lungs possess 

a distinctly lower density than the surrounding tissues which can be altered 

depending on the amount of air, cells, tissue or fluid they contain. Density 

changes have been quantified in CT images in animal models of pulmonary 

fibrosis, emphysema and asthma in both mice and rats, but so far no attempt 

appears to have been made to determine if quantifiable differences occur 

between disease models or if CT is sensitive enough to determine changes in 

disease progression. The ability to determine changes in the pathology of the 

lung would be useful because it would provide a non-invasive technique, which 

1 
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enables longitudinal assessment within the same animal which is beneficial for 

pre-clinical studies of novel drug therapies. 

This thesis examined the possibility of differentiating between the presence of 

fibrosis, airway remodelling, and eosinophilic and neutrophilic inflammation using 

quantitative micro-CT. This was accomplished by comparing CT densitometry of 

the main airways in established murine models of asthma, pulmonary fibrosis, 

and LPS induced neutrophilic inflammation. For each model total and differential 

cell counts, histology, and in the case of the asthma model, physiology 

measurements were performed to ensure that the models were accurately 

created. 

1.1 CT imaging 

1.1.1 CT Background 
Since the discovery of X-ray radiation in 1895, X-rays have been used to 

create non-invasive images of a structure based on differences in tissue densities 

(Poulsen and Simonsen, 2006). X-rays are produced by first applying a high 

energy source to a cathode in a vacuum. The cathode releases electrons which 

hit an opposite anode (metal target eg. tungsten) and this momentarily disrupts 

the normal electron shell configuration of the metal. As electrons in the metal fall 

to lower energy states high energy electromagnetic waves called photons are 

released. Photons produced in the energy range of 200 eV to 1 MeV are X-rays 

2 
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(Suryanarayana & Norton, 1998). To control which X-ray energies are produced 

from the X-ray spectra (200 eV to 1 MeV) the voltage applied at the cathode is 

regulated. More energy (measured in kilovolts (kv)) at the cathode would produce 

higher energy X-rays that penetrate tissues easier. In X-ray imaging an object is 

exposed to an X-ray radiation source and, 180° on the opposite side, a detector 

(or film) measures the amount of radiation passing through the object. The image 

is produced by the extent of energy reaching the detector (or film). The amount of 

X-rays reaching the detector depends on the density of the material. As X-ray 

photons pass through the material they interact with the electrons of the 

molecules. From these interactions photons are either absorbed (halted) or 

deflected (photon scatter decreasing energy) (Suryanarayana & Norton, 1998). 

Denser materials have higher electron density causing increase X-ray 

attenuation. These density differences create an image with tones ranging from 

white to black; denser regions (higher attenuation regions) appear as lighter 

underexposed sections and less dense regions (lower attenuation regions). 

The images produced are planar projections containing superimposed 

structures in the imaged region. Many improvements in imaging technology have 

enabled increased resolution of the images. These advances have contributed to 

improve diagnostic testing; however, imaging capabilities are limited to visualizing 

the structures on a two dimensional (2D) plane, excluding a great deal of 

anatomical information (Dobbins and Godfrey, 2003). 

3 
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Computed tomography (CT) was invented in the early 1970s by G.N. 

Hounsfield (Hounsfield, 1973). His system used principles similar to projection 

radiography, in which the subject is exposed to a source of X-ray radiation, 

however, Hounsfield took multiple planar images 360° around the subject, 

captured the information with a detector linked to a computer, and reconstructed 

this data to create a 30 image (Hounsfield, 1973). By combining information from 

multiple planar images this method creates a non-invasive way of visualizing 30 

structures. The resulting image is comprised of 30 pixels, called voxels, and 

provides spatial and volumetric data as well as an average attenuation value 

determined by the amount of X-rays detected by the detector, measured in CT 

units. 

Since the 1970s the basic components of the CT have remained the same: 

the gantry, where the radiation source and the detector are affixed on opposite 

sides; the table, where the subject (or object) lies; and the computer system 

(Figure 1) (Paulus et al, 2000). However, many improvements in technology 

have been made: continuous spiral acquisitions; increased number of detectors 

(multi-detector CT (MOCT)); decreased size of the X-ray focal lens; and the use 

of cone beam X-rays, are just some of the changes which have all led to 

improving overall image quality and decreasing acquisition time (Paulus et al, 

2000). 

4 
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Figure 1. Schematic diagram of a typical CT system with fixed patient and 
rotating gantry. (Smith, H.J. GE Health, Medical Diagnostics, 2011) 

1.1.2 Micro-CT Background 
Micro-CT is a smaller scale CT machine which produces voxel sizes in the 

micrometer range (as opposed to millimetres in most clinical CTs). This is useful 

for imaging structures such as the lungs of small rodents, which have large 

airway diameters around 500 - 700 J.Jm. The use of micro-CT for rodent imaging 

was not common until the mid-to-late 80s when the technology made it feasible to 

produce images of acceptable quality (Paulus et al, 2000). Presently, technical 

advances in the focal lens size enable the production of images that can be 

reconstructed with- 10 J.Jm voxel size (Lee et al, 2008). Continued improvements 

in micro-CT imaging technology have enabled the production of high quality in 

vivo images of small animals. Micro-CT has been employed in studies of animal 

models of pulmonary diseases such as fibrosis, emphysema, cancer, and asthma 

in both mice and rats to visualize and quantify pathologies and in some cases 

track disease progression (Postnov et al, 2005; Froese et al, 2007; Guerrero et 

al, 2007; Ask et al, 2008; Lee et al, 2008; Jobse et al, 2009; Lederlin et al, 201 0). 
5 
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1. 1.3 CT Densitometry 
Classically, CT imaging is used as a non invasive way to view anatomical 

structures within the human body. Each tissue possesses a specific density, 

thus, changes in tissue density may indicate the presence of pathologies. Visual 

interpretation of CT images for various disease diagnoses and staging is still the 

main application of CT using visible differences in tissue density to distinguish 

healthy from diseased tissues. However, visual interpretation alone is relatively 

subjective based on the observer. For example, the feasibility of using CT to 

identify various pathologies in asthma patients was studied by Grenier and 

colleagues by analyzing the outcomes of four observers. The results found a 

certain degree of 'acceptable' intra-observer and inter-observer variability (kappa 

> 0.40) present (Table 1) (Grenier et al, 1996). In some clinical studies the use of 

quantitative outcomes derived from visual assessment are used to produce a 

standardized interpretation of disease progression; this has been reported for 

chronic obstructive pulmonary disease (COPD), pulmonary fibrosis, and cystic 

fibrosis (Akira et al, 2009; Ask et al, 2008; Saavedra and Lynch, 2009). These 

outcomes, although providing a quantitative value for disease staging, again are 

reliant on the observer's interpretation and are associated with observer 

variability (Akira et al, 2009). 

6 



MSc. Thesis- S. A. Whitty- Medical Sciences 

Table 1. Visual Scoring CT images of 50 asthmatic patients and 10 healthy 
volunteers reported by four independent observers. Kw (kappa within) 
observer agreement, Kb (kappa between) observer agreement, P is 
statistical significance. (Grenier et al, 1996) 

Cffindings Kw(P) Kb(P) 

Bronchial wall tllleke!llng 0.65 (< 10"1) 0.59 (< lQ-3) 

Brom:hiectasls 
Presence 0.79 (< 10"3) 0.64(< 10"') 
'iype 0.62 (< 0.001) 0.35 (< 0.001) 
Location 0.6] (<0.001) 0.40 (< 10""'~ 
Distril>lllion (lobar) 0.68 (< Iir5) 0.48 (<lo-l 

Mveoid lmp!ldion 0.57 (=OJJOl) 0.24(NS) 
SmaD c:entr!lobular opacities 0.60 (<0.005) 0.52 (" 10"-!) 
D«reasecllung anenuatlon OJi4 (e 10"4) 0.40 (< to-') 
'Jbick liaeaT opadti~:~~ 0.62 (= 104) 0.46 (< to-5} 

Aii5pate llOnsolidation 0.70 (<0.01) 0.48(NS) 

NS, not Bigniflca~~t 

Using CT it is possible to quantify density changes in a chosen region 

instead of relying on visual interpretation. Some of the benefits of this include the 

production of data that avoids biases and variability caused by the interpreter 

(Grenier, et al, 1996), the possibility of finding early pathological changes the 

human eye might not be able to detect (Akira et al, 2009) and the ability to 

measure density changes within a 3D space (Froese et al, 2007). Quantitative 

CT, termed CT densitometry, is possible because the output data of the image is 

a physical map divided into voxels (each of a specific physical location and 

average attenuation value) which provides regional density measurements of a 

subject. Density changes can be derived from attenuation changes since the 

attenuation values acquired are linearly related to the density of the tissues 

imaged (Robinson, 1979). 

7 
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1.1.3.1 Standard Values of Attenuation 
To assist in the interpretation of CT densitometry, attenuation values 

(called CT units) can be converted to relative density values called Hounsfield 

Units (HU). This is performed using standards of water and air imaged under the 

same conditions. Following imaging CT units are measured by selecting a region 

of interest within a water standard and the air space in the CT image. These 

values are then set to equal 0 HU and -1000 HU respectively. All other CT units 

are then converted to HU using a linear scale with the value for air (as -1000 HU) 

at one end and water (as 0 HU) at another. Thus, each voxel will possess a 

specific average HU value; for example voxels possessing a value of 0 HU will 

have a density equivalent to water (Hounsfeld, 1973). The benefit of using this 

standardized value is to regulate for variation in attenuation values. Since the 

attenuation measurement depends on the amount of X-ray radiation reaching the 

detector, variations will occur when: different X-ray energies are used, the length 

of image acquisition is changed or from variation between machines, as well as 

within the same machine following calibration (Levi et al, 1982). Therefore, using 

HUs as the measure of attenuation, longitudinal scans can be compared between 

time points with minimal concern of variations due to factors other than density 

changes within the subject's tissues. 

8 
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1.1.3.2 Clinical CT Densitometry of the Lung 
The common elements employed in CT densitometry are the creation of a 

region of interest (ROI) and then a quantitative assessment of the density profile 

within this region. For practical purposes only lung CT densitometry will be 

examined for the remainder of this thesis. 

Lung X-ray densitometry has been applied since the 1960s and CT 

densitometry since the late 1970s (Wegener, 1978; Robsinson, 1979). There are 

many benefits to employing CT densitometry in the lung. The first is that the lung 

is comprised of air (-1000 HU) and tissues (blood, cells, fluid; 0 HU), which result 

in an average lung density< 0 HU (Simon, B. A. et al, 2005). This makes it easy 

to distinguish and segment the lung from surrounding tissues (eg. skeletal 

muscle, bones, and vasculature). Another advantage of CT lung densitometry is 

that alterations in lung density (via destruction of parenchyma tissue, 

inflammation and/or fibrosis) are usually associated with physiological changes 

(Washko et al, 2008). Therefore, CT can be used to assist in disease staging, 

and developed CT densitometry methods can be validated with gold standard 

pulmonary function tests. In addition, regions of pathology are relatively easy to 

measure since the presence of increased fluid, cellular infiltrate, or tissue mass 

will increase densities in the area around 0 HU; whereas destruction of tissue or 

expansion of the airspace will increase regions in the < 0 HU range. 

Currently, lung CT densitometry is not readily used in clinical practice, but 

methods are being standardized and validated to describe pathologies and 

9 
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characterize pathological progression in COPD, sarcoidosis, idiopathic pulmonary 

fibrosis, asthma, pulmonary edema, acute respiratory distress syndrome, and 

cystic fibrosis (Stoel and Stalk, 2004; Best et al, 2008; Boehm et al, 2008; 

Coxson, 2008; Goris et al, 2003). 

So far, COPD remains the disease with the most research being done on 

developing a standardized CT densitometry method. Research in this area 

focuses on developing a method for clinical use in addition to providing a better 

phenotypic description of the disease (Coxson, 2008; Washko et al, 2008). 

Recent work in COPD will be discussed briefly in order to introduce common 

methods of segmentation and analysis in clinical research, since they have also 

been applied in various animal studies as well as in this thesis. 

1.1.3.3 Methods ofCT Lung Densitometry 
Entire 3D lung segmentations are commonly employed in clinical studies of 

COPD since 20 lung sampling is not depictive of the entire lung (Wegener, 

Koeppe, and Oeser, 1978). The lung segmentation is created using density 

thresholds to define the lung region, and the histogram produced (Figure 2 A) 

can be interpreted in many ways. Full lung segmentation has been applied in 

clinical studies of COPD to assess density changes since both the destruction of 

the lung parenchyma and airway obstruction result in increased areas of air 

trapping producing an overall decrease in mean lung density (Stoel and Stalk, 
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2004; Washko et al, 2008). Thus, progression of the disease increases regions of 

low attenuation within the lung. 

One outcome measurement commonly used to measure density changes in 

the lung is the mean lung density (or attenuation) (MLA), which is simply the 

average of the density values of all the voxels in the lung segmentation. Using 

this technique, Cavigli and colleagues, have shown that entire lung CT 

densitometry in patients with emphysema is more accurate than visual 

assessment at predicting severity of disease (Cavigli et al, 2009). 

Although MLA is commonly used and has been correlated with pulmonary 

function tests in COPD, it is found to lack sensitivity since small changes are not 

always detectable (Akira et al, 2009). Thus, new parameters have been 

examined to focus on pathological changes associated with the disease. 

Individuals with COPD express emphysematous or air trapped regions in the lung 

which are measured as regions of low attenuation by CT. Thus, an evaluation of 

the number of voxels from a predetermined density threshold in the less dense 

range (-910 or -950 HU for COPD) has been applied. This has been termed the 

relative area (RA) of lung (Figure 2 B). Another variation of RA determines the 

density (in HU) where the nth percentile occurs instead of using an arbitrary 

threshold value; this is determined using a cumulative plot (Figure 2 B). These 

measurements focus on the area of the lung in the less dense region, which is 

associated with pathological progression in COPD. 
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Figure 2. Definition of the relative area (RA) below -950 HU (RA-950) and 
15th percentile point (Perc15). (A) Typical histogram of the densities in the 
human lung. (B) Cumulative histogram by which Perc15 and RA-950 have been 
defined (Steel and Stalk, 2004 ). 

It has been found that the strength of the correlation between pulmonary 

function tests and the quantitative outcomes depends on the methods used in the 

densitometric analysis (Steel and Stalk, 2004 ). These commonly employed 

methods: MLA, RA (-910 and -950 HU), and nth percentiles (5th and 15th) were 

assessed in patients with COPD at inspiration and expiration and compared to 

visual assessment using a gold standard visual scoring method and pulmonary 

function tests (Akira et al, 2009). This work has indicated MLA is not as sensitive 

as the RA or nth percentile (nth) in predicting COPD severity, and RA is not as 

sensitive as the nth percentile for detecting early onset (Steel and Stalk, 2004, 

Akira, M., 2009). These results show the importance of choosing the appropriate 

densitometric measurements (MLA, RA, and nth percentile) in accordance with a 

desired outcome (Steel and Stalk, 2004 ). 
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The segmentation itself depends on what aspect of the lung you are trying to 

assess. When trying to correlate density changes with resistance of the airways 

in COPD, a full lung assessment was found to be an inappropriate segmentation 

protocol since the changes in lung density were not dependent on resistance. 

Instead regional airway analysis has been used to look at more specific 

pathologies. For example, resistance in the airways present in COPD is produced 

by airway collapse. Yamashiro and colleagues have shown that regional 

assessment of the changes in distal bronchial wall attenuation has a better 

correlation with airflow obstruction than MLA (Yamashiro, 201 0). Thus depending 

on the specific aspect of the disease being examined, either full lung or localized 

region attenuation changes, such as the airways, were shown to be useful. 

1. 1.4 Micro-CT Densitometry 
Some of the benefits of micro-CT lung densitometry for animal models are 

being able to track anatomical and physiological changes over time within the 

same animal. This makes it possible to measure disease progression within the 

same animals longitudinally as well as quantify possible improvements in 

pulmonary pathologies with the use of therapeutic drugs. Additional benefits 

include the derivation of functional data such as functional residual capacity and 

tidal volume from images (Schuster et al, 2003). This was explored by Guerrero, 

in a murine model of pulmonary fibrosis induced by irradiation. Lung compliance 

was measured using lung volumes acquired from 3D lung segmentations of 
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micro-CT images (Guerrero et al, 2007). Finally, the ability to assess pathological 

changes in a three dimensional space is extremely useful for quantifying and 

tracking heterogeneous pathologies in the lung, since a 20 lung slice might not 

be representative of the extent of pathological progression (Froese et al, 2007). 

1. 1.4. 1 Segmentation Methods in Micro-CT Densitometry 
Methods of analysis in mouse and rat models of pulmonary disease have 

included full lung segmentations (Froese et al, 2007), thoracic segmentations 

(Jobse et al, 2009, Ask et al. 2008), and regional segmentations (Lederlin et al, 

201 0). Like in clinical research, lung segmentation can be employed using a 

semi-automated program that isolates the lung based on a specific density range 

(Froese et al, 2007). This has been employed in mouse models of emphysema 

(Froese et al, 2007), however, pulmonary diseases that produce increased 

attenuation values in the lung, due to the presence of either fluid, cellular 

infiltration or fibrotic tissue, hinder the ability to isolate the lungs from surrounding 

tissues based on density values typical of a normal lung. Thus, indirect 

measurements have been performed such as measuring changes in lung volume 

using region growing algorithms or thoracic segmentation (Cavanaugh et al, 

2006; Rodt et al, 201 0; Ask et al, 2008; Jobse et al, 2009). These methods have 

been applied in studies using micro-CT to assess lung damage in mice and rats 

with pulmonary fibrosis (Cavanaugh et al, 2006; Rodt et al, 2010; Ask et al. 2008) 

and in rat models of asthma (Jobse et al, 2009). In addition, a direct regional 
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measurement of airway density has also been examined in a mouse model of 

asthma, which is characterized partly by structural airway changes (Lederlin et al, 

201 0). These have all been shown to be useful for characterizing the presence of 

pathologies in pulmonary disease that increase lung density. 

1.1.5 CT Image Quality 
The accuracy of the CT densitometry outputs depends on the CT imaging and 

reconstruction protocols. These affect image quality which, in tum, will affect the 

accuracy of the attenuation values and the ability to segment fine structures. This 

section will mention factors affecting CT image quality that can easily be altered, 

since they are pertinent to this thesis. 

The parameters that are chosen for the CT protocol include image acquisition 

time, X-ray energy, the number of rotations, and the voxel size at which the 

image is reconstructed. These all contribute to image quality. Essentially, when 

the data is first reconstructed, producing the 30 image, many assumptions are 

made based on the number of X-rays reaching the detector. The main 

assumption is that all the X-rays measured at the detector have traveled linearly 

from the source. This idea assumes that random X-ray scatter does not occur 

and neighbouring tissues do not affect local X-ray attenuation values (Levi et al, 

1982). The detector and the focal lens are collimated to attempt to regulate the 

direction of the radiation to decrease random photon scatter, however, some 

variability, termed noise, will still be present in the data. As noise increases the 
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accuracy of the attenuation values decrease. Variability of attenuation values 

(noise) increases with decreasing X-ray energy, less projections/shorter 

acquisition, and smaller voxel size. These all decrease the amount of X-ray 

attenuation information describing the object. 

1.1.5.1 CTvs. Micro-CT Image Quality 
The spatial resolution and image contrast are two measured outcomes that 

are affected when components such as voxel size and X-ray energy are altered. 

Voxel size mainly dictates the spatial resolution. Clinical CT images of the lungs 

are generally reconstructed to produce 1.25 mm slices to visualize the fine 

structures of the pulmonary airways and vasculature (Akira et al, 2009). In pre-

clinical imaging the voxel size would need to be smaller (46 - 150 !Jm) in order to 

define the fine micro-structures of the rodent lungs (Tanimoto and Arai, 2009). 

When imaging on the micro-scale, using small voxel sizes, a high degree of 

variability is present in the attenuation values. To improve the accuracy of CT 

densitometry outputs, it has been suggested that the use of larger voxel sizes in 

clinical studies will reduce the amount of noise (or variability of attenutation 

values) (Stoel and Stock, 2004). However, this is not possible in pre-clinical 

imaging; thus, micro-CT densitometry in the rodent lung will always have an 

increased variability in the outputs compared to clinical CT densitometry in the 

lung. 
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Image contrast depends largely on the X-ray energy used which is chosen 

based on the organ being imaged as well as the size of subject (such as in the 

case of pre-clinical imaging). The thorax which is made up of high contrast 

tissues would require less energy to be able to produce sufficient image contrast. 

The voltage used for clinical CT scans of the lungs is around 120 Kev (Akira et al, 

2009). For animal studies lower energies are used (-70-80 Kev) to improve 

contrast in the soft tissues of the rodent lung since body thickness is significantly 

smaller, thus, less energy is needed to penetrate the tissues. This decrease in X-

ray energy is also associated with a higher degree of variability in the attenuation 

values of the image. 

Hence, pre-clinical imaging of rodent lungs with a micro-CT has inherently 

more error associated with it compared to the common CT parameters used in 

human lung studies. 

1. 1. 6 In Vivo Micro-CT Densitometry Imaging Considerations 
When imaging live animals there are certain aspects that must be considered 

in order to accurately evaluate the lung and perform safe and repeatable 

experiments. Lung density changes readily with the breathing cycle and this 

translates to CT lung densitometry changes with images of inhalation and 

exhalation producing different histograms (Wegener et al, 1978). In human 

imaging studies patients hold their breath during imaging. For animals, 

respiratory gating software which compartmentalizes the data into full inhalation 
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and exhalation, or mechanical ventilation, producing periods of constant 

pressure, have been applied to minimize motion artefacts and density changes 

caused by breathing (Schuster et al, 2003; Famcombe, 2008). 

For prolonged imaging, X-ray dosages must be limited so that the lethal dose 

is not reached when performing longitudinal studies. In mice a radiation dose of 

approximately 5.0 to 7.6 Grays (one Gray (Gy) equals 1 joule of radiation energy 

per 1 kg of body mass) will kill 50% of exposed mice in 30 days (LD5013o) (Ford et 

al, 2003). Thus, the length of each scan and the number of repeat samplings 

must be considered in order to keep the total X-ray dose under lethal levels. 

Exposed animals take time to neutralize the damage after radiation exposure 

(0.25-0.5 Gy/day for mice when exposed daily); if there are multiple repeat CTs, 

damage from radiation doses could accumulate to lethal levels (Ford et al, 2003). 

1.2 Asthma 

1.2.1 Clinical Presentation 
Asthma is an inflammatory disease of the airways which is defined by 

physiological changes including reversible obstruction, inflammation and airway 

hyperresponsiveness (AHR) (GINA, 2009). Remodelling of the airways is defined 

by a number of structural changes that include smooth muscle hypertrophy, 

epithelial and subepithelial fibrosis, vascularisation, and goblet cell hyperplasia, 

and is also a characteristic of asthma (Bogaert et al, 2009). These pathologies 

18 



MSc. Thesis- S. A. Whitty- Medical Sciences 

are believed to result from a loss of tolerance to certain aeroallergens, in 

association with chronic or intermittent exposure over an extended period of time 

(Nials and Uddin, 2008). The extent of asthma severity ranges from mild to 

severe. In severe asthma some patients show persistent symptoms, and possess 

neutrophilia and airflow restriction (Auffray et al, 201 0). This variability of the 

disease is likely due to a heterogeneous combination of both environmental and 

genetic factors (Fahy, 2008; Bogaert et al, 2009). Clinically, a non-invasive 

pulmonary function test is used to assess AHR using a non-specific cholinergic 

agonist which is typically methacholine (GINA, 2009). A diagnosis of asthma is 

made if there is a reduction :?!: 20 % forced expiratory volume in 1 second (FEV 1) 

after inhaled methacholine (S 8 mg/ml) (Sent et al, 1999). 

1.2.2 Murine Asthma Models 
Asthma is not a naturally occurring disease in mice, thus various protocols 

have been produced to stimulate an asthma-like response (Nials and Uddin, 

2008). Either transgenic animals over-expressing various inflammatory mediators 

can be used, or allergen is delivered to mice to create an immune response 

(Fulkerson et al, 2005). Allergen induced asthma models are believed to be more 

clinically relevant to the induction of asthma (Fulkerson et al, 2005). Previously, 

ovalbumin (OVA) was the most commonly employed allergen; however, in some 

cases animals have developed tolerance to OVA (Johnson et al, 2004). The use 

of house dust mite (HOM) has been found to be more successful than OVA at 
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recreating aspects found in human asthma producing a model with prolonged 

AHR, airway remodelling, and eosinophilic inflammation (Johnson et al, 2004). 

1.2.2. 1 Allergen Induced Murine Asthma 
To produce asthma-like symptoms in mice, first there has to be an initial 

period of sensitization, during which allergen is administered to the animal (either 

as an aerosol or injected) (Nials and Uddin, 2008). The length of sensitization 

time varies with the model. For aeroallergens (such as HOM) after a 7-10 day 

exposure period the animal is responsive to the allergen; there is peribronchial, 

perivascular and parenchymal inflammation (with eosinophilia); and increased 

airway resistance following a methacholine challenge due to AHR (Johnson, et al, 

2004; Nials and Uddin, 2008). Intermittent, exposure to the allergen over an 

extended period of time (5-8 weeks after initial delivery) has been shown to 

produce airway remodelling in addition to chronic eosinophilic inflammation, and 

AHR (Johnson et al, 2004; Nials and Uddin, 2008; Southam et al, 2008). 

Termination of allergen exposure results in an eventual resolution of lung 

inflammation, but airway remodelling persists (Johnson et al, 2004). Therefore, 

chronic exposure to HOM is thought to be more relevant to human asthma than 

the acute exposure model since it enables the study of structural airway changes 

and mechanisms of AHR (Fulkerson, et al. 2005; Auffray, 2010). However, acute 

models are still useful for studying initial disease progression (Fulkerson, et al. 

2005). 
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1.3 Pulmonary Fibrosis 

1.3. 1 Clinical Presentation 
Pulmonary fibrosis (PF) is a progressive lung disease which is characterized 

by the increased production of fibrotic extracellular matrix (increasing collagen 

deposition) in the airways and parenchyma (Gross and Hunninghake, 2001 ). As 

the disease progresses throughout the parenchyma it leads to decreased lung 

compliance and gas exchange, eventually resulting in death (Kolb et al, 2002). 

The exact causes of disease initiation are not known, but it may occur in 

response to an inflammatory assault from an acute or chronic lung injury, or there 

can be no apparent cause at all, as seen in idiopathic pulmonary fibrosis (Sime et 

al, 1997). Some of the important contributors are believed to be inflammation, 

growth factors released from macrophages, and defects in extracellular matrix 

homeostasis (Brass et al, 2007). 

PF is commonly diagnosed using physiological measurements such as 

pulmonary function tests in combination with visual radiological assessment (X-

ray or high resolution CT (HRCT)) (Ask et al, 2008; Best et al, 2008). Histological 

changes in the alveoli and airways, which include honeycombing, increased 

fibrotic deposition and inflammation can be identified using HRCT. This is 

performed by radiologists who measure the area of lung occupied by regions of 

honeycombing, consolidation, hazy opaque regions (termed ground glass 

opacity), and abnormal reticular changes (Sverzellati et al, 2007). This 
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established visual scoring method is commonly employed for diagnosis and 

disease staging to predict mortality. 

The use of quantitative CT analysis is being examined in patients with PF to 

assess its usefulness for describing disease progression and as a predictor of 

mortality; however, research is in the early stages of development (Best et al, 

2003; Sverzellati et al, 2007; Best et al, 2008). Unlike COPD, which expresses 

increased regions of low attenuation, diseases such as pulmonary fibrosis have 

inflammation and fibrotic deposition present in the lungs which increase regions 

of attenuation, in addition to emphysematous regions, making it more difficult to 

quantify. Thus, in addition to using averaged data such as MLA, which might not 

be able to detect regions possessing both fibrosis and emphysema, analyses of 

the histogram shape assessing kurtosis and skewness have been used (Best et 

al, 2003; Lynch, 2007; Best et al, 2008). 

1.3.2 Murine Models of Pulmonary Fibrosis 
Animal models of PF have been used to explore early development of the 

disease since clinical presentation does not usually occur until later stages of 

disease progression. They are also used to better understand the pathological 

processes involved. (Brasset al, 2007). Many different models have been 

created using asbestos, irradiation, bleomycin, and more recently the 

transforming growth factor-p (TGF-p) and IL-1P (Kolb et al, 2001; Moore and 
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Hogaboam, 2008). The bleomycin model is the most commonly used; however, it 

has been shown to be limited for studying therapeutic drugs since fibrosis 

naturally decreases over time (Moore and Hogaboam, 2008). The TGF-J31 model 

has been shown to create a robust PF model which produced fibrosis with 

minimal inflammation. Transitory overexpression of TGF-J31 in the respiratory 

epithelium in animals is achieved by insertion of the TGF-J31 gene using an 

adenoviral vector (AdTGF-J31) (Sime et al, 1997). The use of TGF-J31 for the 

creation of PF in animal is a relevant model because PF is associated with a 

number of cytokines including, TGF- J3, which promote an accumulation and 

increased production of extracellular matrix protein such as collagen. TGF-J31 

(one of the TGF- J3 isoforms) has been found to be involved in the production of 

pulmonary fibrosis in both humans and animal models (Warshamana et al, 2002). 

However, pulmonary fibrosis in humans generally progresses as a region of 

fibrosis which eventually spreads throughout the lungs producing a 

heterogeneous pattern of pathology (Moore and Hogaboam, 2008). Murine 

models of pulmonary fibrosis are generally created by an intratracheal delivery of 

either the adenovirus expressing active TGF-J31 or some other substance. This 

produces regional development of fibrosis which is initially more pronounced 

around the airways (Washamana et al, 2002). 
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1.3.3 Adenovirus vectors 
The adenovirus is used in animal research to insert genetic material into cells 

preferentially targeting the respiratory epithelium. The virus infects a cell by first 

binding specific receptors (eg. Coxsackie adenovirus receptor (CAR) or integrin) 

which promote its internalization into the host cell, following which the virus is 

uncoated and eventually the viral DNA enters the nucleus (Einfeld et al, 2001 ). 

The viral DNA is then transcribed and translated using replication factors from the 

host cell (Einfeld et al, 2001 ). In adenoviral vectors the DNA containing the viral 

genome is mutated to prevent viral replication and a genetic sequence of interest 

is incorporated into the viral DNA to produce a recombinant plasmid (Sime et al, 

1997). Following infection of the viral vector, host cells will express the factor 

transcribed by the inserted gene which will continue to be transcribed within the 

cell until its death. At this point gene expression will be halted since the inserted 

DNA is not replicated during cell division. The adenovirus vector is ideal since it 

has low rates of genetic recombination within the virus as well as low rates of 

integration with the host DNA. Thus, its genome will generally remain intact 

during creation of the adenovirus vector and within the host cell (Graham & 

Prevec, 1991; Xing et al, 1994). 

1.3.4 Pathological Progression of PF in Mice after Delivery of adTGFp1 
The adenovirus constructed with a gene producing active TGF-J31 in the 

recombinant DNA plasmid (adTGF-J31) has been employed to cause an over 
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expression of active TGF-~ 1 (Sime et al, 1997). The virus infects the cells and 

inserts TGF-~1-containing plasmids. Replication occurs within the cells resulting 

in increased levels of TGF-~1 expression. Direct delivery of adTGF-~1 to the 

lungs of rats has been shown to cause a transient over expression of active TGF­

~1 measured in the bronchoalveolar lavage fluid (Sime et al, 1997). Sime and 

colleagues demonstrated that following intratracheal delivery of adTGF-~1 to rats, 

activeTGF-P1 levels peak at 7 days and are not statistically different after 2 

weeks compared to animals receiving the control virus (Sime et al, 1997). There 

is also an associated period of peribronchial and perivascular inflammation 

(which is mainly monocytes) occurring 3 days after, decreasing by 7 days, and 

mostly resolved by 2 weeks. One week after delivery of the vector, fibrotic 

regions were noted around the airways in the parenchyma. At 3 and 9 weeks 

post instillation, collagen deposition was significantly increased (determined by 

measuring hydroxyproline content) compared to controls (Sime et al, 1997). 

Using a slightly different adTGF-~1viral vector, Warshamana, and colleagues, 

assessed pathological progression using various doses of adTG F -~ 1 ( 1 06-1 09pfu) 

in C57BU6 mice (Warshamana et al, 2002). They found that the temporal 

presentation of inflammation and the extent of fibrosis is dose dependant. In 

addition, animals receiving higher doses (5X107pfu) had persistent inflammation 

(macrophages) present over the examined 28 day period (Warshamana et al, 

2002). 
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1.4 LPS Induced Neutrophilic Inflammation 

1.4. 1 Clinical Relevance of the Experimental Model 
Lipopolysaccharide (LPS) is found in the outer membrane of gram 

negative bacteria. For laboratory use it has been purified to induce neutrophilic 

inflammation in animals without the associated infection (Galani et al, 201 0). 

Administration of LPS directly to the lungs or systemically in rats and mice has 

been used to replicate acute lung injury (ALl) or its more severe form, acute 

respiratory distress syndrome (ARDS), which occurs in humans (Langheinrich et 

al, 2004; Aim et al, 2010). 

ALI/ARDS is characterized by pulmonary edema and acute inflammation 

with neutrophilia, causing the alveoli to be filled with fluid which leads to poor gas 

exchange. This is caused by an increase in the permeability of the epithelium 

and vasculature which leads to edema in the lungs. If inflammation persists past 

two weeks, deposition of collagen and alterations of lung structure will start to 

occur (Galani et al, 201 0). ALI/ARDS can occur due to various insults, both 

directly in the lungs (eg. pneumonia or aspiration of gastric juices) and 

systemically (eg. shock or sepsis). ALI/ARDS is usually diagnosed with 

radiological assessment (X-ray or CT} and by measuring blood gases (eg. 

Pa02/fraction of inspired oxygen (FI02)) (Galani et al, 2010). 
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1.4.2 Murine Models of LPS Induced Neutrophilic Inflammation 
An acute delivery of isolated LPS has been shown to stimulate a spontaneous 

and short lived immune response leading to inflammation characterized by 

pulmonary edema, neutrophilia, increased protein infiltration and an increase in 

levels of chemotactic factors in mice and rats (Aim et al, 2010). Bozinovski and 

colleagues found after delivering LPS to the lungs of BALB/c mice (1 0 J,Jg 

/mouse) neutrophils were significantly higher than the control group at 6 hours 

with cell counts peaking at 24 hours and resolving after 3 days (Bozinovski et al, 

2004 ). Thus, using LPS to initiate an inflammatory response makes it possible to 

study temporal and regional pathophysiological changes following the LPS 

challenge without biosafety concerns or worsening conditions due to prolonged 

infection. 

1.5Current State of the Art Applications of Micro-CT in Mouse Models of 
Asthma, Pulmonary Fibrosis and LPS induced Neutrophilic inflammation 

To date, applications of micro-CT have been employed in models of LPS 

induced ALl, pulmonary fibrosis and asthma in rats (Langheinrich et al, 2004; Ask 

et al, 2008; Jobse et al, 2009), and pulmonary fibrosis and asthma models in 

mice (Lederlin et al, 201 0; Cavanaugh et al, 2006; Lee et al, 2008; Rodt et al 

201 0). Both visual and quantitative-CT were applied to describe the presence of 

lung pathologies compared to control animals and have also been used to assess 

longitudinal progression in disease models. 
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Due to the limited resolution capabilities of micro-CT visual interpretation of 

images for preclinical studies generally does not allow differentiation between 

pathologies. Yet, visual interpretation still can be used to describe pathological 

changes from the normal lung. This was demonstrated by Rodt and colleagues 

who assessed lung consolidations in mice models of TGFP-1 induced pulmonary 

fibrosis (Rodt et al, 201 0). However, with improvements in imaging resolution 

(with reported voxel sizes of 10 J,Jm) some papers have attempted to describe 

visual pathological changes from micro-CT images (Langheinrich et al, 2004; Lee 

et al, 2008). Lee and colleagues took sequential micro-CT images of mice 

(reconstructed to a voxel size of 35 J,Jm) after exposing them to bleomycin to 

induce pulmonary fibrosis. Two experienced radiologists were then able to 

characterize clinical outcomes in the micro-CT images, including ground-glass 

opacity, consolidation, honeycombing, parenchymal lines and peripheral 

bronchial dilation to describe the extent of fibrosis and inflammation (Lee et al, 

2008). To date, there are no other similar studies in the literature, likely because 

Lee and colleagues used image resolutions not available in many of the micro­

CTs employed by most researchers. Furthermore, many studies hope to achieve 

a non-biased measurement of pathologies using micro-CT and visual 

assessment of images will have a certain degree of observer-induced variability. 

Thus, for pre-clinical analysis of pathologies in disease models, micro-CT 

densitometry is more frequently used. 
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1.5. 1 Current applications of quantitative micro-CT in mouse models of asthma 
or pulmonary fibrosis 

From the literature examining the use of micro-CT densitometry to identify 

pathologies in mice there exists one paper on murine models of asthma (Lederlin 

et al, 201 0), and two papers on murine models of pulmonary fibrosis (with only 

one assessing PF initiated by TGF-P1 adenovirus vector) (Cavanaugh et al, 

2006; Rodt et al 201 0). Previous studies in rats have assessed changes in semi-

automated lung segmentations in rat models of both pulmonary fibrosis and 

asthma (Ask et al, 2008; Jobse et al, 2009). Using this method they were able to 

detect the presence of pathologies (Ask et al, 2008; Jobse et al, 2009). Applying 

semi-automated lung segmentations that rely on density thresholds (eg. a range 

of -1000 to -200 HU) to isolate the lung becomes difficult in the presence of any 

pathology that increases lung density (eg -0 HU due to inflammation or fibrosis). 

In mice it is even more difficult since all work is done on a smaller scale. Distal 

mouse airways may be described by a single voxel so a density increase within 

this voxel could halt the region growing algorithm and exclude the rest of the lung 

attached to the airway. To compensate for this limitation indirect and regional 

measurements of lung density changes have been employed (Cavanaugh et al, 

2006; Rodt et al, 2010; Lederlin et al, 2010). 

In the asthma mouse model, airway remodelling following chronic 

administration of OVA was measured at a single time point using an airway 

segmentation method. With this technique Lederlin and colleagues were able to 
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show that regional increases in airway density can be measured in OVA exposed 

mice compared to controls (Lederlin et al, 201 0). In micro-CT densitometry 

studies of models of pulmonary fibrosis murine models induced by bleomycin 

(Cavanaugh et al, 2006) and the TGFP-1 adenovirus vector (Rodt et al, 201 0) 

have been employed. Due to lung segmentation limitations an indirect 

measurement of aeration to quantify the extent of fibrosis was used by Rodt and 

colleagues (Rodt et al, 2010) and a similar lung volume measurement was 

performed by Cavanaugh and colleagues (Cavanaugh et al, 2006). Both studies 

were able to identify the presence of pathologies based on micro-CT 

densitometry and the outcomes were validated by terminal histological 

procedures. 

1.6 Purpose of Thesis 

Quantitative micro-CT has been shown to be useful to determine the 

presence of pathologies in murine pulmonary disease models; however, it is 

unknown whether the pathological process can be characterised by quantitative 

CT alone. Using established mouse models of HOM induced asthma, TGF-p1 

induced PF and LPS induced neutrophilic inflammation this thesis examines if CT 

densitometry can be used to distinguish between healthy and diseased lungs, 

and different pathophysiological processes. 
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1. 7 Hypotheses 

Animal models of pulmonary fibrosis, neutrophilic inflammation and acute and 

chronic asthma will express denser lung profiles compared to the associated 

control groups due to the presence of fibrotic tissues, inflammation and airway 

remodelling. 

1. These different pathologies (eosinophilic inflammation, airway remodelling, 

fibrosis, and neutrophilic inflammation) can be distinguished from controls 

based on CT densitometry 

2. Disease progression and resolution within each model can be quantified 

using CT densitometry 

3. Eosinophilic inflammation, airway remodelling, fibrosis, and neutrophilic 

inflammation will each have a unique density profile 

1.8 Specific Objectives 

The first objective was to create a lung segmentation protocol which could be 

applied to all three disease models, to distinguish the presence of pathologies in 

the lung. Note: Due to the increased density of the lungs, full lung segmentations 

were not able to be performed in all the models. Since the asthma, PF and LPS 

model expressed peribronchial pathologies an airway segmentation method was 

created to assess a 3D region surrounding the airway. 
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The second objective was to determine if CT densitometry can differentiate 

between different pathophysiological processes, including inflammation, 

remodelling and fibrosis, using well established animal models of disease. 

Histological and physiological (for the asthma models only) data were used to 

confirm the successful generation of the models. 
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Chapter 2: 

2 MATERIALS & METHODS 

2.1 Materials 

2. 1. 1 Solution Preparations 

2. 1. 1. 1 House Dust Mite (HDM) 
The HDM Dermatophagoides pteronyssinus extract (Greer Laboratories, 

Lenoir, NC, USA) was suspended in phosphate buffered saline (PBS) producing 

doses of 15 J,Jg (measurement based on protein content) of HDM in 30 J,JI of PBS. 

The solution was prepared in advance, and kept at -70°C until needed. PBS 

(30J,JI) served as a vehicle control. 

2.1.1.2 Lipopolysaccharide (LPS) 
LPS was derived from Klebsiella pneumonia (Sigma-Aldrich Canada Ltd, 

Oakville, ON, Canada) in a 500 J,Jg/ml solution. It was kept frozen at -20°C until 

used. On the day of the experiment it was diluted in PBS to achieve a dose of 5 

J,Jg of LPS per 30 J,JI volume, which was kept on ice until delivery. PBS (30 J,JI) 

served as vehicle control. 

2.1.1.3 Transforming Growth Factor Beta Adenovirus Vector (adTGF-P1) 
TGF-~1 was delivered in a non-replicating recombinant adenovirus vector 

carrying an active TGF-~1 (adTGF-~1) porcine derived gene. The adenovirus 

vector was prepared using the method previously described by Sime,P.J. and 
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colleagues (Sime et al, 1997). We received the adTGF-~1from Dr. Jack Gauldie's 

laboratory as titre containing 1.3X1 011plaque forming units per ml (pfu/ml) and 

2.0X1011pfu/ml dosing for the adenovirus vector (adDL-70), which contains the 

adenovirus vector without the TGF-~ 1 gene and served as control. These were 

both kept at -70°C until -1 hr before delivery. Each animal received 2.0X1 08 pfu 

of adTGF-p1 or adDL-70 in a 50 JJI volume suspended in PBS. The solutions 

were kept on ice until delivery. 

2.2Animals 
All animals were supplied by Charles River Laboratories (Saint-Constant, QC, 

Canada). Female BALB/c mice aged 10 weeks were used for the acute (n = 72) 

and chronic asthma models (n = 72}, and the LPS inflammation model (n = 26). 

Female BALB/c mice were used since they have been shown to produce 

increased allergic response compared to males (Melgert et al, 2005). C57BU6 

mice were not used in the asthma model as we wanted to assess 

hyperresponsiveness associated with HOM sensitization and it has been 

previously shown that C57BU6 mice are hyporesponsive following methacholine 

challenge in an acute exposure protocol (Gueders et al, 2009). Female C57BU6 

mice aged 10 weeks were used for the pulmonary fibrosis model since BALB/c 

mice have been found to be "fibrosis-resistanf' (Kolb, M. et al, 2002). All mice 

were housed in a Level 2 biohazard clean room which was under a 12 hr 

light/dark cycle and kept at 25"C. All experiments were approved by the Animal 
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Research Ethics Board of McMaster University and conducted in accordance to 

CCAC guidelines. 

2.3Animal Models 

2.3. 1 Asthma 
Acute asthma model was created by a method previously published by Hirota 

and colleagues (Hirota et al, 201 0) and the chronic asthma and recovery models 

were created similar to a method previously published by Southam and 

colleagues (Southam et al, 2008). HOM extract was delivered intranasally (IN) 

using a pipette. For delivery the mice were anesthetised using 2.5% isoflurane 

with 1.5 1/min oxygen. HOM (15 J.Jg based on protein content) was administered 

suspended in 30 JJI of PBS. The control group received an equal volume of PBS. 

Following IN delivery, the mice were held vertically (head up) until they recovered 

from anaesthesia. 

The period of HOM delivery varied depending on the model (Figure 3). The 

acute HOM exposure group (HOMA) was sensitized to HOM (or vehicle) daily for 

2 weeks on a 5 day treatment/weekends off schedule. Following the initial 2 week 

sensitization the chronic HOM exposure (HOME) and recovery following HOM 

exposure (HOMR) groups, received an additional 6 weeks of HOM delivery 3 

days a week (alternating delivery every other day with weekends off). The HOMR 
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groups were housed for an additional 4 weeks without further HOM exposure to 

allow inflammation to subside. 

The HOMA, HOME and HOMR groups were imaged at day 15, 57 and 85 

respectively after commencement of HOM sensitization. For the HOMA and 

HOME groups HOM was delivered IN 24 hr before imaging . The following day 

(day 16, 58 or 86) physiology measurements were performed. Animals were 

euthanized by exsanguination via cardiac puncture and histological procedures 

were performed (Figure 3). 

HDMA 
Grouo 

HDM 

5d 5d 

HDMNEH 
Delivered 

3d 

HOME 
Grouo 

3d 3d 3d 3d 

HDMNEH Delivered 

3d 

HDMR 
Grouo 

4 w recovery 

LEGEND 

CT Imaging 

Physiology & Total and 
different cell counts; 
Histology 

Figure 3. Acute and chronic allergen experimental protocol. The acute group 
(HOMA) outcome measures occurred right after the period of HOM sensitization, 
which lasted the first two weeks (with weekends off). For the chronic groups 
(HOME and HMOR) a continued weekly exposure to HOM was sustained for 
another 6 weeks. HOME outcomes were at the end of this period. HOMR groups 
were housed for another 4 weeks without further HOM exposure. Red arrows . 
indicate dates of CT imaging and the green indicate when physiological, BAL and 
histological data were obtained. 
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2.3.2 TGF-P1 Adenovirus Induced Pulmonary Fibrosis 
Using a method previously described by Kolb and colleagues the adTGF-~1 

was delivered intratracheally (IT) to three different groups of animals (termed 

group 1, 2, 3) (Kolb et al, 2002). Groups 1 & 2 received the dose by the same IT 

method and group 3 by a slightly altered IT technique. The vehicle group 

received the vector (adDL-70) by the same method as groups 1 & 2. 

For group 1 and 2 the mice were anesthetised using ketamine (150 

mg/kg)/xylazine (10 mg/kg) injected intraperitoneally (IP). Each animal was 

suspended by their top incisors on a mounting board (set at -60°) and held in 

place with surgical tape (Micropore™3M™). The tongue was drawn to the side 

with forceps and trachea was visualized using an otoscope (Welch Allyn Canada, 

Mississauga, ON, Canada). A 20 gauge plastic catheter tip (BD lnsyte, Sandy, 

UT, USA) was inserted down the trachea with the assistance of an endotracheal 

tube (ET) guide (Mouse ET Tube guide, Hallowell EMC, Pittsfield, MA, USA). The 

ET guide was removed and a pipette tip containing water was inserted in the 

catheter tube to visualize if it was properly down the trachea (a positive response 

was the movement of the water indicating in/exhalation). Once the tube was 

confirmed to be down the trachea a gel-loading pipette tip attached to a pipette, 

containing either the adTGF-~1or adDL-70, was placed down the tube. The 

2X1 08 pfu/animal dose was delivered in two 25 !JI aliquots, removing the loading-

tip in between deliveries. This was followed by a delivery of 50 !JI air down the 

plastic catheter tip using the pipette. Mice were injected with 1 ml of 
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subcutaneous saline1 hr after delivery to prevent dehydration, ocular lubricant 

(Lacri-lube, Allergan, Markham, ON, Canada) was placed on their eyes and they 

were monitored until they recovered from the anaesthesia. 

For group 3, mice were anesthetised using 2.5% isoflurane with 1.5 1/min 

oxygen. They were placed on a mounting board, the trachea was visualized with 

an otoscope (same as previously mentioned), and the adTGF-131 was delivered 

intratracheally (IT) by pipette as one 50 1-11 dose using a standard pipette tip. Post­

delivery monitoring was the same as described above. 

Following administration of the adenovirus, all cages were kept half on a 

heating pad for 7 days; the animals were weighed daily, monitored and given a 

subcutaneous injection of 1 ml of saline twice daily for 10 days. At 14, 21, and 28 

days following adenovirus administration the mice were imaged by CT then the 

following day they were euthanized by exsanguination from the descending aorta 

and BAL and histological procedures were performed (at 15, 22, and 29 days) 

(Figure 4 ). The time points were chosen to assess if it was possible to measure 

differences in fibrosis over time. Previous studies have found increased collagen 

deposition up to 64 days after delivery in rats (Sime et al, 1997). 
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Figure 4. TGF-J31 induced pulmonary fibrosis experimental protocol. The 
adTGF-~1 and control (adDL-70) were delivered IT as a single exposure. Red 
lines indicate dates of CT imaging and the blue indicate when BAL and 
histological data were obtained. 

2.3.3 LPS Induced Neutrophilic Inflammation 
Using a method similar to that previously described by Bozinovski and 

colleagues the LPS solution was administered IN as a single dose of 5 IJg of LPS 

in 30 IJI of PBS or an equivalent volume of PBS (vehicle control) after the mice 

were anesthetized (2.5% isoflurane with 1.5 1/min oxygen) (Bozinovski et al, 

2004 ). Following delivery the animals were imaged at 7, 24 hours or 14 days post 

instillation. These time points were chosen since previous studies have reported 

that inflammation (measured by total cell counts) peaks at 24 hrs after LPS 

delivery in BALB/c mice (Aim et al, 2010) and at 14 days following administration 

of LPS inflammation should be completely resolved (Santos et al, 2006). 

Following imaging the animals were euthanized by exsanguination from the 

descending aorta (Figure 5) and histological and BAL procedures were 

performed. 
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Figure 5. LPS induced neutrophilic inflammation experimental protocol. 
LPS and the PBS vehicle were delivered IN as a single exposure. Red lines 
indicate dates of CT imaging and the blue indicate when BAL and histological 
data were obtained. 

2.4CT Imaging 
CT images were acquired using the CT portion of a SPECT/CT (X-SPECT, 

Gamma Medica-Ideas, Northridge, CA, USA) in the McMaster Centre for Pre-

Clinical and Translational Imaging. Images were acquired using two rotations of 

1024 projection each at a voltage of 75 kVp and a current of 220 IJA. Animals 

were freely breathing in HEPA-filter fitted animal holding tubes under anaesthesia 

with 1.5% isoflurane using 1.0 1/min oxygen flow. Data was reconstructed using a 

Feldkamp cone beam back projection algorithm into 512x512x512 matrix (115 

mm3 voxels ). Each animal was imaged with a water tube which was used as a 

standard to convert the CT units into Hounsfeld Units (HU) along with an ROI of 

the surrounding air, used as the air standard. The resulting data then expresses 

voxels possessing densities in HU where any voxel with the density of air will be-

1000 HU and voxels with the density of water will be 0 HU. 
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Respiratory gating (RespGate Software, Hamilton, ON) was applied to the 

reconstructed micro-CT images and divided into three different gates: Summed, 

which contains all inspiratory and expiratory projections; Gate 1 , which uses 

projections acquired on the expiratory cycle; and Gate 4, which contain 

projections on the inspiratory cycle (Farncombe, 2008). Data from Gate 1 was 

used to control for density changes due to altered breathing (affecting the 

summed data). Before segmenting the data a Gaussian filter, using a sigma 

value of one, was used to improve visual resolution of the image using Amira 

5.2.1 software (Visage Imaging, Andover, MA, USA). This filter works by 

averaging the HUs between neighbouring voxels. 

2.5 Lung Segmentation 
Typically lung segmentations are used in clinical densitometry studies, 

however, this would be done using a region growth algorithm which segments the 

lungs based on a density range; for example -990 to -100 HU is a range that was 

previously reported for segmenting mouse lungs (Guerrero, et al, 2007). This 

methodology could not be used in the present study because density changes in 

the lung, due to an increase in fluid or extracellular matrix deposition (-0 HU), in 

the three disease models would be excluded from the lung segmentation. Manual 

lung segmentation is extremely time-consuming and differentiating lung tissue 

from other surrounding structures like the heart, blood vessels and skeletal 

muscle can be difficult and subjective. Due to these limitations and since asthma, 
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PF and LPS models have been shown to express peribronchial pathologies, for 

this thesis a new airway segmentation method was developed that selects an 

area around the large airways. 

To isolate 3D regions of interest (ROI) in the lung micro-CT images were 

segmented and quantified using Amira 5.2.1 software (Visage Imaging, Andover, 

MA, USA). The region around the main bronchi was isolated from the rest of the 

lung (Figure 6). It was created using a uniform circular diameter (brush size 20, 

approximately 2.30 mm in diameter) and selecting around the large airway from 

rib 7 to rib 9, interpolating between ribs and going 23 slices down (2.65 mm in 

depth). This produces a volume of 11 IJI which is -9 % of the total lung air volume 

at expiration (lung air volume calculated as being around 126 IJI - determined 

from baseline data). The densities of each of the voxels in the segmented regions 

were plotted as a total number of voxels in each 33 HU density bin. The brush 

size of 20 was chosen in order to include as much of the area surrounding the 

main bronchi without including other tissues such as the heart. At rib 7 there are 

two defined bronchi and it is just before the main bronchi bifurcate (or in some 

cases trifurcates). The main dorsal branch was chosen as the midpoint for the 

circular region and this was traced down to rib 9. Rib 9 was selected as the end 

point since it is the depth in which the main bronchi were still able to be visualized 

and thus confidently selected. 
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Figure 6. Large airway segmentation using Amira 5.2.1. The blue regions are 
an isosurface of the airway segmentations. Axial, sagittal and coronal sections of 
a micro-CT image from a control mouse were used to illustrate the location and 
relative size of the segmentation. 

2.5. 1 Airway Diameter 
Since the airway segmentation method contains both surrounding tissues and 

the lumen the airway diameters were measured in the asthma, pulmonary 

fibrosis, and LPS models to determine if alterations in density could be 

contributed to changes in lumen size. Two measurements of lumen diameter 

(coronal and sagittal) were taken at rib 7, 8 and 9 in each animal and at each rib 

measurements were averaged. This was performed using the 3D measuring tool 

with Amira 5.2.1 software (Visage Imaging, Andover, MA, USA). 
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2.6 Physiology (Asthma Model Only) 

2. 6. 1 Pressure Volume Analysis 
At endpoint total lung resistance was measured using flexiVent v5.2 rodent 

ventilator (Scireq, Montreal, QC, Canada) at baseline (PBS alone) and after 

administering 5 increasing doses (3.1, 6.3, 12.5, 25, and 50 mg/ml diluted in 

PBS) of nebulized acetyl-~-methylcholine (Mch; Sigma-Aldrich). 

Animals were anesthetised by an IP injection of xylazine (-30 mg/kg). 

Approximately 5 minutes following initiation of anaesthesia mice were inhibited 

from freely breathing via pancuronium bromide (20 mg/kg) delivered IP (Sandoz, 

QC, Canada) so the physiological measurements would not be affected by the 

animals own breathing pattern. A tracheotomy was performed and an 18 gauge 

tube was inserted and affixed with suture. The mouse was attached to the 

flexiVent v5.2 rodent ventilator and total lung resistance measurements were 

taken. The lung pressure was normalized before each Mch dose to 30 cmH20 for 

approximately 6 seconds then ventilated for 30 seconds at each dose at a rate of 

150 breaths/min. Total lung resistance was measured using a single 

compartment, standardized breathing signal that measures dynamic resistance 

(Leigh et al, 2002). This was then plotted as a resistance versus time plot and the 

slope was determined from Mch dose 3.1 to 25 mg/ml. The slope was used to 

determine airway reactivity (the steeper the slope the more reactive the airways 

are to the stimulus). 
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2.71nflammatory Cells 

2. 7.1 Bronchoalveolar Lavage (BAL), Total and Differential Cell Counts 
At end point the animals were euthanized by exsanguination and 

bronchoalveolar lavage fluid (BALF) was extracted intratracheally (IT) using two 

washes of 0.25 mL of PBS. This was done either through a 22 gauge needle 

fitted with PE50 polyethylene tubing (Becton Dickinson and Co., Mississauga, 

ON, Canada) for the LPS and PF model or through an 18 gauge endotracheal 

tube for the asthma models. The BALF was then kept on ice and centrifuged at 

15,000 g for 10 min (Hermie model Z233M, Germany). The supernatant was 

extracted and stored at -25°C. The remaining cell pellet was resuspended in 150 

IJI of PBS and the total cells (TCC) were counted on a hemocytometer (Bright-

Line, Horsham, USA) using either Turks (for the LPS and PF models) or Trypan 

Blue stain (for the asthma model) as a 1:1 stain to BALF ratio. Another 150 1-11 of 

PBS was added to the cell pellet and slides were prepared by centrifugation in a 

Shandon Cytopin3 (Shandon Inc., Pittsburgh, USA) at 9.6 X g for 2 min for the 

LPS and PF samples and in a Shandon Cytospin3 (Shandon Scientific Ltd., UK) 

for the asthma model samples in two steps. The slides for the asthma model 

were prepared for cell adhesion by first delivering 90 IJI of PBS to the cassette 

and putting it in the Cytospin for 3 min at 300 rpm following which the cell 

suspension was added (90 IJI) and spun for 5 min at 300 rpms. The slides were 

stained with either hematoxylin & eosin (H&E; for the LPS and PF models) or 
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Wright-Giemsa stain (for the asthma models). Differential cell counts (DCC) of 

BAL cells on the slides were performed counting up to 200 cells on the slide 

classifying neutrophils, eosinophils, lymphocytes, and macrophages based on 

visual histological morphology using an Olympus CX41 microscope (Markham, 

ON, Canda) (Appendix, Figure 36 toFigure 38 for representative BALF slides). 

2.8 Histology 

2.8.1 Preparation of Slides 
The lungs were removed and inflated under a constant pressure of 15 cmH20 

(for the asthma model) or 20 cmH20 (for other models) and kept in 10% formalin 

for 24 hrs before being dehydrated in a graded ethanol series (in 50%, then 75% 

ethanol for 30 min each) samples were stored in 75% ethanol until they were 

embedded in paraffin. They were sectioned (3 1-1m thick) and stained with 

Hematoxylin and Eosin (H&E) to examine lung morphology as well as Picrosirius 

Red (PSR) for the PF group to stain for the presence of collagen. H&E stain is 

useful for describing normal cell morphology by staining acidic structures blue 

(Hematoxylin) and basic structures red (Eosin). Hematoxylin is a basic dye that 

reacts with acidic molecules such as nucleic acid (dying them blue), whereas 

Eosin is an acidic dye reacting with basic structures like collagen and muscle 

(dying them red). This enables the differentiation of structural elements in the 

tissues which are comprised of both basic and acidic molecules. (Wheat, Burkitt 

46 



MSc. Thesis- S. A. Whitty- Medical Sciences 

& Daniels, 1987). PSR stain is useful for detecting the presence of collagen since 

the sulphonic acid groups in the PSR stain reacts with the basic groups of 

collagen. This stain is useful since it enhances the double refractory phenomenon 

of the collagen fibres, which can best be viewed under polarized light microscope 

(Junqueira, Bignolas & Brentani, 1979). Lung inflammation was assessed from 

H&E stained slides and characterized based on cellular lung infiltration. Airway 

remodelling was characterized from H&E stained slides as increased smooth 

muscle deposition and goblet cell hyperplasia. All practises were performed using 

standard techniques according to the ATS guidelines (Hsia et al, 2010). 

2.9 Data Analysis 

2.9.1 CT /mage Analysis 
The CT image is divided into many voxels each possessing an average 

measure of x-ray attenuation which is relative to tissue density. This attenuation 

value was then converted into Hounsfield Units (HU) based on standards of water 

(0 HU) and air (-1000 HU). The airway segmentation was applied to the CT and 

within the segmented region the frequency of voxels in the density interval of -

1025 to 625 HU were determined. This interval was divided into 50 bins which 

were 33 HU in width. The data were plotted as voxel frequency at each density 

bin (Figure 7). 
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Figure 7. Representative plot of# voxels vs density from a mouse large 
airway segmentation. The plot shows the total number of voxels at each density 
bin around the large airways from rib 7 to 9. 

2.9.2 Statistics 
All data is expressed as mean ± SEM. SEM was used to regulate for 

variation in sample sizes between the groups. The analysis was performed on 

IBM SPSS Statistics 19. A p-value of 0.05 was deemed statistically significant. 

2.9.2. 1 CT Densitometry Statistics for Individual Disease Models 
Differences in voxel frequency within each individual disease model 

(asthma, PF and LPS induced neutrophilic inflammation) were determined using 

a one way ANOV A. The goal of this analysis was to assess if statistical 

differences in voxel frequency existed at each density bin between the control 

groups, between exposure groups and controls, or between the exposure groups 

themselves. The parameters compared were: 

1. The age-matched; vehicle-treated controls to themselves (Table 2) 
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2. The combined vehicle groups within each model to the exposure 

groups (Table 3) 

3. The exposure groups in each disease model each other (Table 4) 

For comparisons 1 and 3, if statistical significance was found a Tukey analysis 

was performed. Tukey post-hoc analysis assesses all possible pair-wise 

comparisons of the included data. In each model the controls were found to be no 

different from each other so the control data were grouped for parameter 2. A 

Dunnett's post hoc analysis was performed to determine if differences exist 

between the control group and each exposure group (Table 3). P < 0.05 was 

considered statistically significant. 

Table 2. Parameter 1. Comparison of vehicle control groups 

Disease 
Models 
Asthma 

LPS 

Pulmonary 
Fibrosis 

Groups Compared 

VEH (acute asthma) 
vs. 
VEH (chronic 
asthma) 

VEH (chronic VEH (recovery) 
asthma) vs. vs. 
VEH (recovery VEH (acute asthma) 
asthma) 

VEH (LPS 24h) VEH (LPS 2w) 
vs. vs. 
VEH (LPS 2w) VEH (LPS ?h) 

VEH (PF 2w) VEH (PF 3w) 
vs. vs. 
VEH (PF 4w) VEH (PF 4w) 
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Table 3. Parameter 2. Comparison of grouped vehicle data to exposure 
groups 

Disease Groups Compared 
Models 
Asthma HDMA (acute HDMA (chronic HOME (recovery) 

asthma) asthma) vs. 
vs. vs. VEH-AVG 
VEH-AVG VEH-AVG 

LPS LPS 7h LPS 24h LPS2w 
vs. vs. vs. 
VEH-AVG VEH-AVG VEH-AVG 

Pulmonary PF2w PF3w PF4w 
Fibrosis vs. vs. vs. 

VEH-AVG VEH-AVG VEH-AVG 

Table 4. Parameter 3. Comparison of exposure groups within models 

Disease Groups Compared 
Models 
Asthma HDMA (acute HDMA (chronic HOME (recovery) 

asthma) asthma) vs. 
vs. vs. HDMR (acute asthma) 
HOME (chronic HDMR (recovery 
asthma asthma) 

LPS LPS 7h LPS 24h LPS2w 
vs. vs. vs . 
LPS 24h LPS2w LPS 7h 

Pulmonary PF2w PF3w PF4w 
Fibrosis vs. vs. vs. 

PF3w PF4w PF2w 
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2.9.3 CT Densitometry Statistics for Comparisons of Disease Models 
Differences in voxel frequency were determined between the three 

disease models (asthma, PF and LPS induced neutrophilic inflammation) using a 

one way AN OVA examining frequencies at each bin over the interval of -1 025 to 

625 HU. The objective was to determine if there are statistical differences in voxel 

frequency at each bin between the all the vehicle groups or between the 

exposure groups in each disease model. The parameters compared were: 

1. The vehicle groups of each model to assess if visible differences were 

apparent between control groups 

2. All other disease models (exposure groups only) (Table 5) 

For parameter 1, if statistical significance was found a Tukey post hoc analysis 

was applied to the data. For parameter 2, if statistical significance was found 

Dunnett's post hoc analysis was performed using the individual disease group as 

the control group and comparing it to the other exposure groups in the two other 

disease models (eg. HDMA was compared to all3 exposure groups in the LPS 

models and time points in the PF models; see Table 5) 

. This method of analysis was chosen to limit the number of hypotheses 

that were tested, preventing the comparison of the exposure groups within a 

disease model (ex. HDMA, HOME, and HDMR) to each other since they were 

previously assessed. P < 0.05 was considered statistically significant. 
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Table 5. Parameter 2. ANOVA Comparisons between disease groups. 
Arrows show comparison groups. Gray regions indicate groups that were not 
compared. 

GROUPS 

HDMA 

HOME 

HDMR 

LPS 7h 

LPS 24h 

LPS2w 

PF 2w 

PF3w 

PF4w 

NOTE: Comparison groups found to be significantly different from each other on 

they-axis had to span a region more than two bins in width (>66 HU wide) on the 

x-axis in order to be considered experimentally different. This criterion was made 

to account for horizontal variability in HUs which was measured in the standards 

of water and air, each possessing standard deviations of 100 and 50 HU, 

respectively. 
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2.9.4 BAL, TCC and DCC Statistics 

The total cell counts and differential cell counts were analyzed using a one 

way ANOVA. The analysis was performed on each individual model (asthma, PF 

and LPS exposure) to determine if a difference existed between the total and 

differential cell counts between control groups, between the control and disease 

groups, and between disease groups. The parameters compared were: 

1. The vehicle groups within each model 

2. Each exposure group to its age-matched and vehicle-treated control 

3. The exposure groups in each disease model to themselves 

The parameters were collectively analyzed within each disease model. If 

statistical significance was found a Tukey's post hoc analysis was performed. 

Significance was determined to occur at P < 0.05. 

2.9.5 Physiology Statistics (Asthma Model Only) 
Unpaired t-test was performed on the slope from the resistance to dose plots 

from the dose of 3.1 to 25 mglml between the exposure groups and the controls, 

statistical significance was determined to occur at P < 0.05. 

2.9.6 Airway Diameter 
Differences between airway diameters of the controls and disease groups 

were analyzed using an unpaired t-test at each time point. Statistical significance 

was determined to occur at P < 0.05. 
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Chapter 3 

3 RESULTS 
In this section the results of each disease model are collectively presented. 

These include representative CT images, CT densitometry plots and histological 

data (and in the case of the asthma model, physiological data). 

3.1 Asthma Model 

3. 1. 1 Representative CT Images 
In the asthma model increased areas of density were apparent around the 

airways in the HOMA, HOME, and HOMR groups (Figure 8 B, D & E) with 

notable increases seen in the HOME group (Figure 80). Airway diameters at rib 

7, 8, and 9, had no significant differences between the HOM exposed and the 

control animals (Appendix, Figure 39 A-C) except for the chronic asthma group 

which had a statistically larger airway diameter at rib 7 compared to the control 

group (Appendix, Figure 39 B). 
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Figure 8. Representative axial CT images of the lungs in the asthma model 
and their age matched and vehicle treated controls. (A) control and (B) acute 
asthma, which should express peribronchial/perivascular inflammation; (C) 
control and (D) chronic asthma model, which should express 
peribronchial/perivascular inflammation and airway remodelling; (E) control and 
(F) recovery following chronic HOM delivery, which should express airway 
remodelling. White arrow indicates airway. Red arrows indicate high attenuation 
region around airways. 
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3.1.2 CT Densitometry 
The plots from the large airway segmentations in the three different 

asthma exposure groups (HOMA, HOME, and HOMR) are different from the 

control group (VEH), with each asthma model group having an overall increase in 

voxel frequency in the highly dense region (-0 HU) on the plot (Figure 9). This 

shift can be illustrated by the location of the main peaks in each plot. The control 

lung had a large peak situated around -350 HU whereas the HOMR group had a 

main peak at -250 HU, and the HOMA and HOME groups both had a pronounced 

peaks at 15 HU and 50 HU respectively. Statistically significant differences were 

found between the control and HOMA (Figure 10 A), HOME (Figure 10 B), and 

HOMR groups (Figure 10 C) in two main regions (P < 0.05). All three exposure 

groups had regions that had significantly more voxels than the controls in the 

denser region (--100 to 100 HU) (P < 0.05). This shift to the denser region in the 

disease plots produced significantly smaller voxel frequencies in less dense 

region (--400 to -300 HU) in the exposure groups compared to the control group 

(P < 0.05). The results from the CT densitometry plots indicate that within the 

airway segmentations the exposure groups possess fewer voxels in the low 

density region and more voxels in the higher density region compared to controls. 

Over the measured density interval the controls for each asthma group had no 

regions which were statistically different from each other and therefore were 

grouped together (Figure not shown) (P > 0.05). 
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Figure 9. Density distribution around selected large airways in mouse 
asthma models. The plot contains acute (HOMA) and chronic HOM exposure 
(HOME) and recovery following chronic HOM exposure (HOMR) and the grouped 
control data (VEH-AVG).The age matched, vehicle treated controls (VEH-AVG) 
for each asthma model were combined as they were found to not be statistically 
different from each other. 
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Figure 10. Comparative density distributions of the region around the large 
airways of asthma models to controls. (A) acute HOM exposure (HOMA) (n = 
6) compared to the controls (VEH-AVG) (n=24); (B) chronic HOM exposure 
(HOME) (n = 12) compared to the controls (VEH-AVG) (n=24); (C) recovery 
following chronic HOM exposure (HOMR) (n = 6) compared to the controls (VEH­
AVG) (n=24). All points represent the mean value and SEM. The blue boxes 
indicate bins between groups that are statistically different from each other (P < 
0.05). This was determined by applying one way ANOVAs at each density bin. 

58 



MSc. Thesis- S. A. Whitty- Medical Sciences 

To determine if we could discriminate between different exposure groups 

using CT densitometry, plots of the three groups within the asthma model were 

compared (Figure 11 ). The HOM exposure groups had regions which were 

significantly different from each other. The most notable were found between 

HOME and HOMA and HOMR groups (Figure 11 A & C). The HOME compared 

to HOMA, and to the HOMR group, had an overall shift towards the denser 

region, with significantly more voxels compared to the other groups in the range 0 

to 150 HU, peaking around 50 HU (P < 0.05). This rightward shift in the HOME 

group also caused a region with significantly less voxels from the HOMA and 

HOMR groups in the lower density region (--250 to -100 HU) (P < 0.05). 

The acute asthma (HOMA) and recovery groups (HOMR) were also 

significantly different (Figure 11 B). The HOMA group was shifted rightward to 

the denser region of the graph compared to the HOMR group. This shift produced 

a small region of the HOMR group that is significantly greater from the HOMA 

group in the less dense region (--300 HU) (P < 0.05). Thus, overall there was an 

increase in voxels found in the denser region of the HOMA group compared to 

the HOMR group, and an even greater increase in voxels in the denser region in 

the HOME group compared to the HOMA and HOMR groups. 
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Figure 11. Comparative density distributions of the region around the large 
airways of asthma models. (A) acute HOM exposure (HOMA) (n = 6) vs. 
chronic HOM exposure (HOME) (n=12) to assess if differences occur between 
incidences of eosinophilic inflammation (HOMA) and eosinophilic inflammation 
and remodelling (HOME); (B) acute HOM exposure (HOMA) (n = 6) vs. recovery 
following chronic HOM exposure (HOMR) (n = 6) to compare eosinophilic 
inflammation (HOMA) to remodelling only (HOMR); (C) chronic HOM exposure 
(HOME) (n=12) vs. recovery following chronic HOM exposure (HOMR) (n = 6) to 
compare eosinophilic inflammation and remodelling (HOME) to remodelling only 
(HOMR). All points represent the mean value and SEM. The blue boxes indicate 
bins between groups that are statistically different from each other (P < 0.05). 
This was determined by applying one way ANOVAs at each bin. 
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3.1.3 Total and Differential Cell Counts 
The acute asthma model (HDMA) and the chronic asthma model (HOME) 

groups both had statistically higher TCC compared to their controls and to the 

recovery group (HDMR) (Figure 12) (P < 0.05). TCC from the HDMR group was 

found to be no different from its control (VEH-HDMR) (Figure 12). 
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Figure 12. Total cell counts (TCC) from BAL samples of asthma models. 
Data contains TCC from models of acute (HDMA) (n=12), and chronic (HOME) 
(n=12) asthma and recovery following chronic HOM exposure (HDMR) (n=11) 
and their vehicle treated, age-matched controls (VEH-HDMA (n=12), VEH-HDME 
(n= 12), and VEH-HDMR (n=10)). All bars represent the mean value. Error is 
expressed as SEM. (*)indicates statistical significance (P < 0.05). 

The DCC showed that eosinophilia was present in the HDMA and HOME 

groups (Figure 13). Both groups were statistically different from their controls, 

each other, and from the HDMR group which shows no measurable statistical 

difference from its control (Figure 13) (P < 0.05). Lymphocytes and neutrophils 
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are statistically higher in the HOME group from the control, HDMA, and HDMR 

groups (Figure 13) (P < 0.05). No statistical difference was found between any of 

the groups or their controls in the number of macrophages. 
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Figure 13. Differential cell counts (DCC) from BAL samples in the asthma 
models. Data contains DCCs from acute (HDMA) (n=5), and chronic (HOME) 
(n=9) asthma models and recovery following chronic HOM exposure (HDMR) 
(n=1 0) and their vehicle treated, age-matched controls (VEH) (VEH-HDMA (n=5), 
VEH-HDME (n=12), and VEH-HDMR (n=8)). All bars represent the mean value. 
Error is expressed as SEM. (*)indicates statistical significance from controls (P < 
0.05) 
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3. 1.4 Histology 
In the HDMA, HDME, and HDMR groups inflammation was present around 

the airways (indicated by red arrows) (Figure 14 A, C & E). The extent of 

inflammation appeared to be the highest in the HDME group (Figure 14 C). For 

this study airway remodelling (indicated by black arrows) was said to be present if 

goblet cell hyperplasia and increased airway smooth muscle were identified. 

Goblet cell hyperplasia appears as a thickening and increased transparency of 

the epithelial layer of the airways and an increase in smooth muscle mass can be 

visualized by the presentation of increased airway thickness. The airways 

appeared to be thicker in both the HDMR and HDME groups (black arrows) 

(Figure 14 C & E). 

63 



MSc. Thesis- S. A. Whitty- Medical Sciences 

Figure 14. Representative lungs from asthma models. (A) acute HOM 
exposure (HDMA), (B) vehicle treated control (VEH-HDMA), (C) chronic exposure 
(HOME), (D) VEH-HDME, (E) recovery following chronic exposure (HDMR), and 
(F) its vehicle-treated control (VEH-HDMR). Red arrows indicate regions of 
inflammation. Black arrows indicate regions of remodelling. 
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3.1.5 Physiology: Total Lung Resistance 
When the asthma model is successfully created, we expect to see 

increased lung resistance following a methacholine challenge in animals 

sensitized to HOM compared to controls as previously reported by Hirota and 

colleagues (Hirota et al, 201 0). The HOMA, HOME and HOMR groups had a 

significant increase in slopes compared to controls (Figure 15) (P < 0.05). This 

indicates that all disease groups had airway hyperresponsive to Mch producing 

increased total lung resistance relative to controls. 
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Figure 15. Slopes from lung resistance compared to dose (Mch) in mouse 
asthma models. The data are from HOMA (n = 12), HOME (n = 12) and HOMR 
(n = 12), and their age-matched, vehicle-treated controls VEH-HOMA (n = 12), 
VEH-HOME (n = 12) and VEH-HOMR (n = 12). The mice were given varying 
doses of Mch and their total lung resistance was measured after each dose. This 
plot shows the slopes from the dose response plot for all asthma models. An 
unpaired t-test was performed between the control and HOM exposed animals for 
each individual model to determine if they are statistically different from each 
other. (*)indicates statistical significance from the control (P < 0.05). Error 
expressed as SEM. 
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3.2 LPS Induced Neutrophilic Inflammation 

3.2.1 Representative CT Images 
Visual assessment of the representative CT images showed regions of high 

attenuation around the airway in the LPS model at 24 hrs after delivery of LPS 

compared to controls (Figure 16). Increases in attenuation were only marked at 

the 24 h time point compared to the control (images at 7 hrs and 2 weeks not 

shown). Airway diameter at rib 7 was statistical larger in the LPS-24h group 

compared to the control, but diameters at rib 8 and 9 had no significant 

differences between LPS exposed and control animals (Appendix, Figure 40). 

Figure 16. Representative CT image of LPS induced neutrophilic 
inflammation. This is an axial image of a CT image of the lungs. (A) vehicle 
treated control and (B) 24 hrs after delivery of LPS. White arrows indicate 
airways. Red arrows indicate high attenuation region around airways. 

3.2.2 CT Densitometry 
The plot from the large airway segmentation at the three time points (7 hrs, 

24 hrs, & 2 weeks) after exposing the mice to LPS compared to the grouped 

controls is illustrated in Figure 17. From this plot it is possible to see at 24 hours 
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after LPS exposure (LPS-24h) the shape of the curve is altered compared to 

controls and to the LPS exposure groups at 7 hours (LPS-7h) and 2 weeks (LPS-

2w) after LPS delivery. Of the LPS exposure groups the LPS-7h and LPS-24h 

were the only groups which had regions that were statistically different from the 

control group (VEH-AVG) (Figure 18 A & B). The LPS 7h group was shifted 

slightly to the denser region on the right expressing two small regions, one in the 

less dense area having significantly less voxels compared to the control group(--

300 HU), and one in the denser region (-50 HU) with significantly more voxels 

than the control group (Figure 18 A). The LPS-24h group was shifted to the 

denser region compared to the control group, producing a single flattened peak 

(Figure 18 B). LPS-24h has a region in the less dense area on the left, which has 

significantly less voxels than the control (--350 HU) and on the denser region on 

the right that has significantly more voxels than the control group (--200 to 50 

HU). These results indicate that an overall increase in voxels in the denser region 

are apparent in both the LPS-7h and LPS-24h group, with a larger increase in 

voxel frequency in the higher density range in the LPS-24h group. The LPS-2w 

group was found to be no different from the controls (Figure 17. Density 

distribution around selected large airways in mouse models of LPS induced 

neutrophilic inflammation. Plots from the segmentations at 7 hours (LPS-7h), 

24 hours (LPS-24h) and 2 weeks (LPS-2W) after LPS exposure and their 

vehicle treated controls (VEH-AVG). Figure 18 C). Over the measured density 
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interval the controls had no regions which were statistically different from each 

other (Figure not shown) (P > 0.05). 

0 ................... :...._ ____ __ ____:!!'! .. ..... 

-1000 -800 -600 -400 -200 0 200 

Density (HU) 

-+-VEH -AVG 

_.,_ LPS- 7 h 

_.,_ LPS- 24 h 

- LPS-2W 

Figure 17. Density distribution around selected large airways in mouse 
models of LPS induced neutrophilic inflammation. Plots from the 
segmentations at 7 hours (LPS-7h), 24 hours (LPS-24h) and 2 weeks (LPS-2W) 
after LPS exposure and their vehicle treated controls (VEH-AVG). The controls 
(VEH-AVG) (age matched, vehicle treated) for each LPS model were combined 
as they were found to not be statistically different from each other. 
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Figure 18. Comparative density distributions around selected large airways 
in mouse models of LPS induced neutrophilic inflammation from grouped 
vehicle treated controls. (A) LPS-7h group (n=6) is compared to the vehicle 
treated controls (VEH-AVG) (n=16); (B) LPS-24h (n=7) is compared to VEH­
AVG; and (C) LPS-2w (n=6) group is compared to VEH-AVG. A one way ANOVA 
was performed at each bin. All points represent the mean and SEM. The blue 
boxes indicate regions which are statistically different from each other (P < 0.05). 
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The plots of the airway segmentations between each of the three LPS 

exposure groups showed statistically significant differences between the LPS-24h 

group and the LPS-7h and LPS-2w exposure groups only. The LPS-24h group 

had significantly less voxels in the less dense region (--300 HU) on the left and 

an increase in voxels on the denser region {-100 HU) compared to the LPS-7h 

and the LPS-2W groups (Figure 19 A & B) (P < 0.05). This indicates an overall 

shift in voxel frequency of the LPS-24h group to denser region compared to the 

other two exposure groups. No significant difference was detected between LPS-

7h and LPS-2w groups (Figure 19 C). 
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Figure 19. Comparative density distributions around large airways in 
mouse models of LPS induced neutrophilic inflammation. (A) LPS-7h (n=6) 
vs LPS-24h (n=7) compares density differences between initiatal and maximum 
inflammation. (B) LPS-24h (n=7) vs LPS-2w (n=6) compares peak inflammation 
to recovery following inflammation. (C) LPS-7h (n=6) vs LPS-2w (n=6) compares 
density differences between iniatial inflammation and recovery. All points 
represent the mean values and SEM. The blue boxes indicate regions of 
statistical significance (P < 0.05). This was determined by applying one way 
ANOVAs at each bin. 
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3.2.3 Total and Differential Cell Counts 
TCC were statistically higher in the LPS-24h compared to its control 

(Figure 20) (P < 0.05). The 24 h time point was also found to be significantly 

higher than the LPS-7h and LPS-2w, both of which were found to show no 

significant difference from their controls (Figure 20). 

# Cells/ml 

7h 24h 2w 

LPS Groups 

Figure 20. Total cell counts (TCC) from BAL samples of mouse models of 
LPS induced neutrophilic inflammation. 7h (LPS-7h) (n=6), 24h (LPS-24h) 
(n=2) and 2w (LPS-2w) (n=6) post exposure and their vehicle treated and age­
matched controls (VEH-7h ((n=4), VEH-24h (n=4), and VEH-2w (n=4)). All bars 
represent the mean value. Error is expressed as SEM. (*)indicates statistical 
significance (P < 0.05) 

From the differential cell counts neutrophilia was present in the LPS-24h 

group compared to its control VEH-24h (Figure 21 ). The LPS-7h and LPS-2w did 

not have statistically elevated neutrophil counts compared to their controls 

(Figure 21 ). Macrophage counts were significantly higher at 24 h after LPS 
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exposure compared to its control and the other exposure groups (LPS-7h and 

LPS-2w) (P < 0.05). Eosinophils and lymphocytes were not present in the counts. 
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Figure 21. Differential cell counts (DCC) from BAL samples of mouse 
models of LPS induced neutrophilic inflammation. 7h (LPS-7h) (n=6), 24h 
(LPS-24h) (n=2) and 2w (LPS-2w) (n=6) post LPS exposure and their vehicle 
treated and age-matched controls: VEH-7h (n=4), VEH-24h (n=4), VEH-2w 
(n=4 )). All bars represent the mean value. Error is expressed as SEM. (*) 
indicates statistical significance from controls (P < 0.05) 

3.2.4 Histology 
In the representative lung slices inflammatory cell infiltration into the 

airspaces is visible 7 h (Figure 22 A) and 24 h (Figure 22 C) after LPS delivery 

(indicated by a black arrow). No cell infiltrations were visible in the controls 

(Figure 22 B, D and F) or 2 weeks following LPS (Figure 22 E). 
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Figure 22. Representative lungs from LPS induced neutrophilic 
inflammation models (X20). (A) 7 h after LPS delivery; (B) vehicle treated 
control; (C) 24 hrs after LPS delivery; (D) vehicle-treated control; and (E) 2 weeks 
after LPS delivery, and (F) vehicle-treated control. Arrows indicate inflammatory 
cells. The slides were stained with H&E. 
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3.3 Pulmonary Fibrosis 

3.3. 1 Representative CT Images 
From the representative CT images the pulmonary fibrosis groups showed 

equivalent large areas of high attenuation around the airways at 2, 3 and 4 weeks 

after delivery of the TGF-P adenovirus vector (Figure 23). Airway diameters at rib 

7, 8, and 9, were all statistically larger than the control group 2 weeks after 

adTGFp-1 delivery (Appendix, Figure 41A). Airway diameters were elevated in 

the 3 weeks post adTGFP-1 group at rib 7, 8, and were statistically larger at rib 9 

compared to the control group (Appendix,Figure 418). In the 4 week group no 

differences in airway diameters were detected compared to the control groups 

(Appendix,Figure 41C). 
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Figure 23. Representative axial CT image of the pulmonary fibrosis model 
following delivery of adTGF-81 and their age matched and vehicle treated 
control. This was taken at rib 8 in the (A) control and (B) the PF groups at 2 
weeks; (C) control and (D) the PF groups at 3 weeks; (E) control and (F) the PF 
groups at 4 weeks. At all time point fibrosis should be present in the disease 
models. White arrows indicate airways. Red arrows indicate high attenuation 
region around airways. 
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3.3.2 CT Densitometry 
Figure 24 illustrates the plots from the airway segmentations of all three 

adTGFp-1 exposure groups at 2, 3, and 4 weeks after IT delivery of the vector. All 

three time points had a large number of voxels in the higher density range with a 

peak around 15 HU compared to controls (peak at -350 HU) (Figure 24). Figure 

25 illustrated the statistical differences measured at each density bin between the 

PF disease groups and the grouped control. The time points TGF-j3-2w (Figure 

25 A); TGF-j3-3w (Figure 25 B); and TGF-j3-4w (Figure 25 C) had significantly 

more voxels in the denser range (-150 to 150 HU) than the controls. This 

rightward shift of voxel frequency in the disease groups produced regions on the 

less dense side (-400 to -250 HU) that were significantly different from controls. 

These results indicate an overall increase in voxels possessing a higher density 

within the selected region around the airways in the disease groups. In addition at 

2 weeks after delivery of TGFP-1 a significant increase in voxel frequency in the 

extremely low density range (--700 to -600 HU) occurred compared to controls. 

From the airway segmentations no statistical significance was found between the 

CT densitometry plots at the three time points in the PF groups (Figure 24 ). 
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Figure 24. Density distribution of the large airway segmentation of 
pulmonary fibrosis. Plots from the segmentations at 2 weeks (TGF-~-2w), 3 
weeks (TGF-~-3w), and 4 weeks (TGF-~-4w) after received adTGF~-1 and their 
vehicle treated controls (VEH-AVG). The controls (VEH-AVG) (age matched, 
vehicle treated) for each PF model were combined as they were found to not be 
statistically different from each other. 
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Figure 25. Density distribution of the large airway segmentation in 
pulmonary fibrosis models compared to controls. These plots display the 
density distribution of the voxels in the segmentation over the density interval of -
1025 to 220 HU following delivery of TGF-81 at: (A) 2 weeks (TGF-~-2w) (n = 
12); (B) 3 weeks (TGF-~-3w) (n = 4); and (C) 4 weeks (TGF-~-4w) (n = 5) to the 
vehicle treated controls (VEH-AVG) (n = 18). All points represent the mean 
values. The blue boxes indicate regions of statistical significance (P < 0.05). 
Error is presented as SEM. 

79 



MSc. Thesis- S. A. Whitty- Medical Sciences 

3.3.3 Total and Differential Cell Counts 
For the three time points there was a trend of elevated cell counts, 

however, from the one-way AN OVA analysis they were not statistically different 

from their controls nor each other (Figure 26). 
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Figure 26. Total cell counts (TCC) from BAL samples of mouse models of 
PF (TFG-B) 2w (n=3), 3w (n=3) and 4w (n=4) post (adTGF-(31) delivery and 
their vehicle treated (adDL-70), age-matched controls (VEH) (VEH-2w (n=3), 
VEH-3w (n=2), VEH-4w (n=3)). All bars represent the mean value. Error is 
expressed as SEM. 

For the three time points there was a trend of elevated macrophages and 

lymphocytes, however, from the one-way AN OVA analysis they were not 

statistically different from their controls (Figure 27). The number of neutrophils 

appeared to be higher 2 weeks after delivery of the adTGF~-1 compared to the 

control group, but this group had an n = 2 so no statistical assessment could be 

applied to the data (Figure 27). 
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Figure 27. Differential cell counts (DCC) from BAL samples of mouse 
models of PF 2w (n=3), 3w (n=3) and 4w (n=4) post (adTGF-131) delivery and 
their vehicle treated (adDL-70), age-matched controls (VEH) (VEH-2w (n=3), 
VEH-3w (n=2), VEH-4w (n=3)). All bars represent the mean value. Error is 
expressed as SEM. 

3.3.4 Histology 
At all time points following delivery of adTGF-~ the lung parenchyma was 

visibly thicker from the controls in both the H&E and PSR stains (Figure 28). The 

PSR stained slides show collagen deposition (deep red). Visually no difference 

was seen between 2w, 3w, and 4w after delivery of the vector, thus only week 2 

data is shown below (Figure 28). 
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Figure 28. Representative lungs from adTGF-P induced PF models 2 weeks 
after delivery. (A) PF-2 weeks (H&E), (B) PF-2 weeks (PSR), (C) vehicle treated 
control (VEH-2w) (H&E), (D) and VEH-2w (PSR) after intratracheal adTGF-~ 
delivery. Deep red staining indicates regions where collagen is present. 
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3.4Comparative CT Densitometry 
The following sections present data comparing the density distributions of the 

three disease models to determine if different lung pathologies have unique 

density profiles. In each subsection first an illustrative plot of all the examined 

disease groups is shown, followed by paired data sets illustrating regions found 

to be significantly different between models as determined by pair wise 

comparisons. 

3.4. 1 Asthma and Pulmonary Fibrosis Model 

3.4. 1. 1 Acute Asthma and Pulmonary Fibrosis Model 
The plots of HDMA and TGF-~-2w (Figure 29 A), TGF-~-3w (Figure 29 B) 

and TGF-~-4w (Figure 29 C) each had a region that was found to be statistically 

different from each other. However, overall no significant differences were found 

between any of the groups in the higher density region. The TGF-~-2w and TGF-

~-3w groups both had an increase in voxels in the very low dense region (--700 

to -500 HU) compared to the HDMA group, this was not present at 4 weeks. 
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Figure 29. Comparative density distribution around selected large airways 
of acute asthma (HDMA) and PF models. This plot presents density 
distributions derived from CT images from the HDMA exposure group (n=6) to 
mouse models of pulmonary fibrosis at: (A) 2 weeks (TGF-13-2w) (n=12); (B) 3 
weeks (TGF-13-3w) (n=4 ); and (C) 4 weeks (TGF-13-4w) (n=5) following delivery of 
adTGF-131. The plots demonstrate if eosinophilic inflammation (HDMA) and 
fibrosis can be differentiated. The data is expressed as mean values and SEM. A 
one way ANOVA was performed at each bin. The blue boxes indicate regions of 
statistical significance (P < 0.05). 
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3.4.1.2 Chronic Asthma and Pulmonary Fibrosis Model 
The chronic asthma group (HOME) had a large peak in voxel frequency at 

a density of -50 HU compared to all three pulmonary fibrosis groups. This peak 

in the HOME plot was found to be significantly different than the TGF-~-2w 

(Figure 30 A), TGF-~-3w (Figure 30 B) and TGF-~-4w (Figure 30 C) groups. In 

the HOME group there was also a loss of voxels of mid-range density (--200 to-

50 HU) compared to the TGF-~-3w and TGF-~-4w groups, but not in the TGF-~-

2w. All three pulmonary fibrosis time points had significantly more voxels in the 

very low density range on the left (--700 to -550 HU). 
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Figure 30. Comparative density distribution around selected large airways 
of chronic asthma (HOME) and PF models. This plot presents density 
distributions derived from CT images from the HOME exposure group (n=12) to 
mouse models of pulmonary fibrosis at: (A) 2 weeks (TGF-~-2w) (n=12); (B) 3 
weeks (TGF-~-3w) (n=4 ); and (C) 4 weeks (TGF-~-4w) (n=5) following delivery of 
adTGF-~1 . The plots demonstrate if fibrosis can be differentiated from 
eosinophilic inflammation and airway remodeling. The data are expressed as 
mean values and SEM. A one way ANOVA was performed at each bin. The blue 
boxes indicate regions of statistical significance (P < 0.05). 
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3.4.1.3 Recovery Following Chronic Asthma and Pulmonary Fibrosis Model 
Compared to the recovery group (HDMR), which has its peak density 

around -300 HU, all three pulmonary fibrosis groups are shifted to the denser 

region on the right peaking -15 HU. The peak in the HDMR plot (--300 HU) was 

found to be significantly higher than the TGF-J3-2w (Figure 31 A), TGF-J3-3w 

(Figure 31 B) and TGF-J3-4w (Figure 31 C) groups. In addition, the week 4 PF 

group was found to possess significantly more voxels than the HDMR group in 

the denser region (--50 to 15 HU). The week 2 and 3 groups of the pulmonary 

fibrosis time points both had significantly more voxels in the very low density 

range on the left (--700 to -550 HU). 
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Figure 31. Comparative density distribution around selected large airways 
of the recovery group following chronic HOM exposure (HDMR) and PF 
models. These plots compare: (A) the asthma recovery group (HDMR) (n=6) to 
the pulmonary fibrosis group at 2 weeks (TGF-~-2w) (n=12); (B) 3 weeks (TGF-~-
3w) (n=4); and (C) 4 weeks (TGF-~-4w) (n=5) following delivery of adTGF-~1. 
The plots demonstrate if a difference can be detected between the presence of 
fibrosis and the presence of only airway remodelling (HDMR). A one way ANOVA 
was performed at each bin. The blue boxes indicate regions of statistical 
significance (P < 0.05). Error is presented as SEM. 
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3.4.2 Asthma and Neutrophilic Inflammation Induced by LPS 
Only the neutrophilic inflammation group at 24 h was compared to the 

three exposure groups from the asthma model since it was the only time point 

found to have significant inflammation compared to the control. 

From the density distributions between neutrophilic inflammation (LPS- 24 h) 

and the acute (HOMA) (Figure 32 A), chronic (HOME) (Figure 32 B) and 

recovery (HOMR) (Figure 32 C) asthma models, only the HOMA and HOME 

group had regions which were significantly different from LPS group. The voxels 

in the HOMA group were shifted to the denser region with an elevated peak -15 

HU compared to the LPS group. This rightward shift in the HOMA group 

produced a region (--400 to -300 HU) that has significantly less voxels compared 

to the LPS group. The HOME group had an even more pronounced increase in 

voxel frequency on the denser side (-50 HU) which was found to be significantly 

higher than the LPS group. This shift to the denser region produced an area with 

significantly fewer voxels than the LPS group in the lower density region (--400 to 

-150 HU). It appears from these results that compared to the LPS group the 

HOMA group has a greater number of voxels in the denser region, and the HOME 

group had an even greater increase in voxels in the denser region. No 

differences were observed between HOMR and LPS. 

89 



MSc. Thesis- S. A. Whitty- Medical Sciences 

A 2000 

1500 

#Voxels 1000 
-ll- LPS- 24 h 

500 
-+- HDMA 

0 

-1000 -800 -600 -400 -200 0 200 

Density (HU) 

B 2000 

1500 

#Voxels 1000 
-ll- LPS- 24 h 

500 
-ll-HDME 

0 

-1000 -800 -600 -400 -200 0 200 

Density (HU) 

c 
2000 

1500 

#Voxels 1000 
-ll- LPS- 24 h 

500 
- HDMR 

0 

-1000 -800 -600 -400 -200 0 200 

Density (HU) 

Figure 32. Comparative density distribution of selected large airways in 
mouse models of LPS induced neutrophilic inflammation and asthma. Plot 
(A) demonstrates if a difference can be detected between neutrophilic 
inflammation (LPS-24h) (n=7) and eosinophilic inflammation (HDMA) (n=6); (B) 
compares neutrophilic inflammation (LPS-24h) and eosinophilic inflammation and 
airway remodelling (HOME) (n=12); and (C) demonstrates if a difference can be 
detected between neutrophilic inflammation (LPS-24h) and airway remodelling 
(HDMR) (n=6). One way ANOVAs were performed at each bin comparing the 
exposure groups to each other. All points represent the mean values and SEM. 
The blue boxes indicate regions of statistical significance (P < 0.05). 
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3.4.3 Pulmonary Fibrosis and Neutrophilic Inflammation Induced by LPS 
As previously mentioned, only the neutrophilic inflammation group at 24 

hours (LPS-24h) after LPS exposure was compared to the three time points from 

the PF model since it was the only time point found to have significant 

inflammation compared to the controls. Compared to the 24 h post LPS group 

(LPS- 24 h) all three pulmonary fibrosis groups are shifted to the denser region 

on the right peaking at -15 HU. This difference in density distributions between 

the PF and LPS plots produced a measureable region in the in the lower density 

range (--300 HU) where the LPS group has significantly more voxels than the 

TGF-~-2w (Figure 33 A), TGF-~-3w (Figure 33 B) and TGF-~-4w (Figure 33 C) 

groups. In addition, the week 4 PF group was found to possess significantly more 

voxels than the LPS group in the denser region (--150 to 15 HU). The week 2 

and 3 groups of pulmonary fibrosis both had significantly more voxels in the very 

low density range on the left (--700 to -550 HU). From these results it appears 

that the plots of the PF groups are all shifted to the denser region compared to 

the LPS group. 
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Figure 33. Comparative density distribution around selected large airways 
in mouse models of PF and LPS induced neutrophilic inflammation 24 hrs 
after LPS delivery. Plot A. compares 2 weeks after delivery of adTGF~-1 (TGF-~-
2w) (n =12) and neutrophilic inflammation (LPS-24h) (n = 7); B. compares 
fibrosis at 3 weeks after delivery of adTGF~-1(TGF-~-3w) (n = 4) and neutrophilic 
inflammation (LPS-24h); and C. compares fibrosis at 4 weeks after delivery of 
adTGF~-1 (TGF-~-4w) (n = 5) and neutrophilic inflammation (LPS-24h). All points 
represent the mean values and SEM. One way ANOVAs were performed at each 
bin comparing the exposure groups to each other. The blue boxes indicate 
regions of statistical significance (P < 0.05). 
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4 DISCUSSION 

The objectives of this thesis were to determine if quantitative micro-CT was a 

sensitive measure of disease progression within disease models and could be 

used to distinguish between different pulmonary pathologies in mice. This was 

addressed by evaluating if quantifiable differences exist in the densitometry 

outputs using a novel large airway segmentation technique. 

CT densitometry was used since visual interpretation of micro-CT images for 

preclinical studies is difficult due to the limited resolution capabilities of many 

micro-CTs employed in research. With this equipment pathologies that increase 

density will all appear as varying regions of high attenuation; whereas, in clinical 

imaging, increases in density can be characterized based on visible changes in 

density patterns (eg. honey combing, reticular changes, ground glass opacities). 

The same holds true for pathologies that cause a decrease in density. 

Quantitative CT appears to be the best way to distinguish between pathologies in 

animal models since density changes that are difficult to visualize can be 

measured from the CT data. Our study has shown that CT densitometry can 

distinguish diseased from healthy lungs, disease progression in asthma and LPS 

induced neutrophilic inflammation, and different lung pathologies can be 

detected, with each disease model having its own unique lung density profile 
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(Figure 34). This provides, for the first time, evidence that CT can be used to 

distinguish differences between pathologies in animal models of disease. 
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Figure 34. Summary of CT densitometry of PF, asthma and LPS disease 
models 

Initially looking at each model compared to its control, our results showed a 

significant increase in density in the peribronchial region in the models of asthma, 

pulmonary fibrosis and LPS-induced neutrophilic inflammation. One would expect 

if either inflammation, remodelling or fibrotic tissue is present in the lung, an 

increase in the density range around 0 H U (equivalent to the density of water) or 

greater than 0 HU (tissues denser than water, eg. fibrosis) would accompany 

these pathologies. In the asthma models, significant differences were present in 
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all three examined disease states (acute, and chronic asthma, and recovery 

following chronic asthma) compared to controls. The overall density profiles were 

shifted to the denser region with an increase in the number of voxels around 0 

HU especially in the acute and chronic asthma groups (peaking at 15 and 50 HU, 

respectively). The measured increase in density in each of the asthma models 

was associated with the presence of either peribronchial and perivascular 

eosinophilic inflammation (characterized as cellular infiltration in the H&E stained 

lung sections and measured by TCC and DCC from the BALF), airway 

remodelling (characterized by visible increases in smooth muscle deposition and 

goblet cell hyperplasia) or both. The histology and cytology outcomes of our 

disease models corresponded with results from Johnson and colleagues which 

showed the acute asthma group possessing peribronchial inflammation 

characterized by eosinophilia, the chronic asthma group possessing airway 

remodelling in addition to inflammation, and the recovery group which retained its 

airway remodelling and had no significant inflammation based on TCC (Johnson 

et al, 2004 ). However, in our recovery group histological images of the lungs 

expressed minimal peribronchial inflammation. In addition to histology and 

cytology, the asthma groups were also hyperresponsive to methacholine 

compared to controls, confirming that the asthma models were successfully 

recreated. Thus the presence of peribronchial inflammation, airway remodelling 

or both in the disease groups is readily distinguished from a non-inflamed healthy 
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lung using our CT densitometry methodology. The measured increases in density 

using CT in the acute and chronic asthma groups corresponded to outcomes 

reported in the literature. Quantitative CT measurements were used to assess 

density changes in the airways of a chronic asthma mouse model (Lederlin et al, 

2010) and in the lung and thoracic regions of acute asthma models in rats (Jobse 

et al, 2009). In both cases the presence of pathologies due to either inflammation 

or both inflammation and airway remodelling produced either a higher regional 

airway density or a loss of airspace in the lung and an increase in more dense 

regions compared to controls (Lederlin et al, 201 0; Jobse et al, 2009). The use of 

CT densitometry to quantify changes in a recovery model after chronic allergen 

delivery has not been published in literature thus far. 

For the LPS group, neutrophilic inflammation was only markedly different from 

the controls at the 24 h time point at which cellular infiltration is also visible in the 

airspaces H&E stained lung slices. This corresponded to a flattening of the curve 

with a shift in voxel frequency to the denser region (-200 to 50 HU). The LPS 7h 

plot shape did not change, but it appeared to shift slightly to the denser region. 

With the rightward shift, there were regions in the LPS 7 h plot with voxel 

frequencies significantly greater (in the denser region (-50 HU)) and smaller (in 

the less dense region (--400 HU)) than the control group. This may indicate the 

start of neutrophilic inflammation since neutrophils were present in the BALF at 

the 7 h time point, however, at this point the TCC was not significantly different 
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from the controls. The results at 7 and 24 hours after direct pulmonary exposure 

to LPS correspond to a previous study by Aim and colleagues which showed that 

TCC and neutrophils are present at 4 h; however, it is not statistically higher until 

24 hrs after LPS delivery in BALB/c female mice (Aim et al, 201 0). In addition to 

neutrophils, pulmonary edema will also be present. This would increase lung 

density as well as lung weight; however, lung weight was not measured (Aim et 

al, 201 0). Future studies should measure changes in lung weight as a marker of 

pulmonary edema in order to correlate pulmonary density relative to edema since 

this likely has an effect on increasing lung density. At 2 weeks following delivery 

inflammation is absent (based on TCC, and DCC) and no pathological changes 

appear to be present in the lungs which corresponded to outcomes reported by 

Santos and colleagues who found 1 week after delivery of LPS the histology was 

no different from controls (Santos et al, 2006). The CT densitometry results 

correspond to the histology and cytology data, but could not be compared to the 

literature since no published data examines the use of CT densitometry for 

measuring acute neutrophilic inflammation in mice after exposure to LPS. 

In the pulmonary fibrosis group, all three time points (PF-2W, 3W & 4W) 

produced plots which were shifted rightward towards the denser region and 

peaked around 0 HU compared to the control group which had a peak at -350 

HU. The increase in overall density around the airways corresponded with the 

presence of fibrotic deposition around the airways and throughout the 
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parenchyma. Fibrosis was characterized by visual increases in fibrotic deposition 

and honeycombing of the parenchyma in the PSR stained lung slides. The 

presence of fibrosis at these time points corresponded to results reported in the 

literature (Rodt et al, 201 0). In addition to histology, total cell counts were not 

found to be significantly different from controls and macrophages were the major 

cellular infiltrate, which was also reported in the literature (Warshamana et al, 

2002). However, the sample size for histology and BAL sampling was too small to 

perform statistics at week 3 (n=2). The other two time points (2 & 4 weeks) had 

small sample sizes (n=3) so there may have been differences in TCC and DCC 

not detected. Elevated cell counts may be due to a high dose of the adTGF-P1, 

which has been reported to cause persistent cellular infiltration lasting up to 28 

days following delivery, characterized by elevated macrophages (Warshamana et 

al, 2002). Nonetheless, the models appeared to be accurately created, and CT 

densitometry outputs of our airway segmentation protocol allows the detection of 

fibrosis in the PF disease animals compared to controls. This corresponds to 

results from the literature (Guerrero et al, 2007; Rodt et al, 2010). Hence, from 

the CT densitometry plots of the airway segmentations it appears that 

measurable density changes are associated with pathological changes such as 

fibrosis, inflammation, and airway remodelling, that are causing a shift to the 

denser region compared to the controls. 
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Longitudinal progression within the disease models was able to be quantified 

using the airway segmentation method when the disease model itself had 

pathological changes present, either pathological progression or resolution (for 

LPS). Within each model the density plots showed differences in plot shape and 

horizontal shift at the various time points, but not in the pulmonary fibrosis model. 

In the asthma model, pathological changes in the lung at the examined time 

points, which were confirmed from histology, were accompanied by alterations in 

shape and horizontal shift of the densitometry plots. The acute (HOMA) and 

chronic asthma (HOME) groups, and the recovery group (HOMR) all had regions 

which were found to be statistically different from each other. From histology the 

HOMA and HOME groups, both had eosinophilic inflammation and in the case of 

the HOME group, airway remodelling (characterized by smooth muscle and 

goblet cell hyperplasia). The measured density differences between the HOMA 

and HOME (with the HOME group having statistically higher voxel frequency in 

the range of 14.6 to 146.7 HU; and HOMA having a statistically higher voxel 

frequency in -282.6 to -117.5 HU range) may be due to the increased density 

from airway remodelling. The extent of inflammation (measured by total cell 

counts) in the HOME group is slightly higher, but not significantly different from 

the HOMA group. However, the TCC reflects cells in the entire lung, whereas, the 

airway segmentation is only measuring densities within a limited area. In the lung 

sections, the HOME group appeared to have increased regions of inflammation 
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around the airways compared to HOMA group. Thus, the sharp peak in the 

HOME plot could partly be due to a regional increase in inflammation around the 

airways (as seen in histological lung sections) compared to the HOMA group, in 

addition to the presence of airway remodelling. This needs to be determined by a 

quantitative assessment of inflammation in the lung sections. It is difficult to 

determine if inflammation has completely resolved in the HOMR group, since 

local peribronchial inflammation, although to a lesser extent than observed with 

HOMA and HOME, was visualized on lung sections. However, based on TCC 

there is no statistical difference in counts from controls. This should be validated 

by a quantitative assessment of regional inflammation from the lung sections to 

see if there is a local elevation in cells compared to controls. Between the HOMA 

and HOMR group, HOMR had significantly more voxels in the lower density range 

(--350 to -250 HU). This would indicate a difference between the presence of 

eosinophilic inflammation (HOMA) causing a larger rightward shift to the denser 

region compared to airway remodelling only (HOMR). These results show that 

measurable differences between the acute, chronic and recovery asthma models 

are present using the airway segmentation method to analyze the CT data, thus 

suggesting CT is sensitive to pathological changes in asthma. In the literature 

the only study using micro-CT densitometry to assess a mouse asthma model, by 

Lederlin and colleagues, used a segmentation technique that was similar to our 

method. However, they only assessed density differences after chronic OVA 
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exposure (Lederlin et al, 201 0). The only published study using CT densitometry 

in either mice or rats is by Jobse and colleagues, who measured longitudinal 

progression of inflammation within an acute asthma model of a rat at day 3, 7, 

and 10 after administration of HOM (Jobse et al, 2009). They found that peak 

density in this model occurred at 7 days due to peribronchial inflammation (Jobse 

et al, 2009). 

In the LPS model, the CT densitometry plot of the LPS 24h group is clearly 

different from LPS 7h and 2w. The difference between LPS 24h and the other 

time points coincides with a significant increase in BALF TCC and neutrophils at 

24 h. These results correspond to a previous study by Aim and colleagues which 

showed that TCC and neutrophils are elevated at 4 h and are statistically higher 

at 24 h in BALB/c female mice (Aim et al, 201 0). In our study, the 7 h group did 

not have significant inflammation based on the TCC and this produced a density 

plot with a similar shape to the control group, but slightly shifted to the right. The 

likely difference between our 7 h outcome and the elevated TCC and neutrophils 

seen 4h after LPS delivery in the Aim study is that they used a -1 0 fold higher 

LPS dose. The rightward shift may indicate a regional increase in inflammation 

which may not be detectable by TCC. Card and colleagues showed notable 

peribronchiolar and perivascular inflammation 6 h following delivery of a similar 

dose of LPS (Card et al, 2006), however, that was in C57BU6 mice which have 

been shown to possess a heightened inflammatory response to LPS (Aim et al, 
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201 0). In our LPS group, some inflammation was apparent in the 7 h lung 

sections. This cellular infiltrate was identified as neutrophils from the BALF. At 

two weeks following LPS delivery, inflammation had completely subsided based 

on the TCC and no neutrophils were present. The plot itself was found to be no 

different from the control group nor the LPS 7 h group. Based on these outcomes 

it appears the presence of or absence of statistically elevated neutrophilic 

inflammation is identifiable using airway density analysis. 

The pulmonary fibrosis groups appeared to express similar TCC, and 

structural changes in the lung (determined from histology). These similarities 

were reflected in the density plots, which were absent of any measurable 

differences between the examined week 2, 3, and 4 time points. A study 

performed by Warshamana and colleagues indicated active fibrogenesis at 2 

weeks after delivery of the adTGFp-1 in C57BU6 mice. This continued until 4 

weeks when pathological progression appeared to resolve based on 

histopathology (Warshamana et al, 2002). Thus, further analysis of biochemical 

markers (eg. hydroxyl proline to test for collagen levels) or histomorphometry 

would be required to make any firm conclusions to whether or not alterations in 

fibrotic deposition are present at the different time points. Our results correlate 

with results found by Rodt and colleagues (Rodt et al, 201 0). Using the same 

TGFp-1 adenovirus vector they examined serial changes in the lung density of 

mice using micro-CT at 1, 2, 3, and 4 weeks after administering the vector. 
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Quantitative micro-CT was used to indirectly measure the extent of fibrosis by 

examining areas of aeration (Rodt et al, 201 0). In addition, visual scoring of the 

extent of lung consolidation was performed. From these data they also were not 

able to detect significant differences between the time points (Rodt et al, 201 0). 

When comparing the disease models significantly distinct voxel frequencies 

were found between density regions in all disease models, suggesting the 

various pathologies have unique density profiles (Figure 34). In the LPS induced 

neutrophilic inflammation group peak neutrophilic inflammation occurred at 24 h 

following LPS delivery, producing a plot which is significantly different from the 

HOMA and HOME groups, but not the HOMR group. The HOMR and LPS-24 h 

groups appeared to be identical. These differences in the HOMA and HOME 

groups compared to LPS-24 h may be explained by the apparent differences in 

inflammation patterns noted in the lung sections. Based on lung histology the 

LPS group produced a more diffuse cellular infiltration throughout the lung while 

the HOMA and HOME groups had cells localized densely around the airways. We 

found that airway remodelling alone cannot be distinguished from neutrophilic 

inflammation using our segmentation method. 

Increases in low density voxel frequency (--600 HU) were present in the PF-

2w and 3w groups compared to all asthma groups (HOMA, HOME and HOMR) 

and the LPS- 24 h group. An increase in voxel frequency in this region may 

indicate the expansion of an airspace or airway in response to an increase in 
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elastance in another region caused by fibrotic changes (Ask et al, 2008). This 

hypothesis corresponds to our results that airway diameter was statistically larger 

at 2 week PF time point compared to controls. In the PF-4w group elevated voxel 

frequencies in this region (--600 HU) are not present, which may be due to the 

fact that the animals at this time point expressed less extensive fibrosis. The 

assumption that the PF-4w group expresses less fibrosis is based on the fact that 

it was largely comprised of a cohort who received the adTGFP-1 by a slightly 

altered delivery method. This possibly caused these animals to have less of the 

adTGFp-1 reach the lungs than at the other time points. Dosing variation of 

adTGFp-1 has been reported to alter the extent and rate of fibrotic progression in 

C57BU6 mice (Warshamana et al, 2002). In addition, Lee and colleagues 

demonstrated that peripheral bronchial dilation measured from micro-CT images 

showed good correlation with the extent of fibrogensis (rated using a 

histopatholgical score). Thus increased airway space (indicated by low density 

voxel frequency) may represent more extensive fibrosis (Lee et al, 2008). Further 

analyses comparing the airway diameters of the PF-4w group to the PF-2w 

groups and a histomorphometric analysis of fibrosis should be performed to 

confirm this hypothesis. 

Looking at the denser region -0 HU, there are only marked increases in voxel 

frequency in the HOME group compared to all three PF time points (PF-2w, PF-

3w, PF-4w). This increase in voxel frequency at 0 HU in the HOME group 
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indicates that eosinophilic inflammation in conjunction with airway remodelling 

produces a distinctly different plot from all pulmonary fibrosis groups. Compared 

to the HOMR and LPS-24 h groups the voxels in the PF groups are all shifted 

towards the denser region. This shift in the PF groups produces greater voxel 

frequencies in the denser region (-0 HU) compared to both HOMR and LPS-24 h. 

However, voxel frequency to the PF groups was only measured to be significantly 

higher in the PF-4w group compared to HOMR and LPS-24 h. Surprisingly, in the 

denser region (-0 HU) no density differences were noted between the PF groups 

and HOMA apart from a single bin that had fewer voxels than the PF-4w group 

(--50 HU). 

From these results it appears that the chronic asthma model (HOME) can be 

differentiated from the pulmonary fibrosis model at all time points using this 

segmentation method. However, the acute asthma model (HOMA) is not as easily 

distinguished from the PF time points. The HOMA results are similar to the 

recovery asthma group (HOMR) and LPS-24h group, however, these groups 

appear to present densitometry profiles that were relatively less dense producing 

regions which were statistically different from the PF groups. Thus, it appears that 

all PF groups can all be easily distinguished from HOME and HOMR, and LPS-

24h using CT densitometry alone. Although no statistical differences were found 

between the density plots of the three PF groups, there appears to be some 

variation in the comparative densitometry specifically between the PF-2w & 3w 
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and the PF-4w groups. Further, analysis of the lung sections, such as 

histomorphometry is required to assess if differences in fibrogenesis are present 

between the PF time points. 

Visual examination of the CT images revealed increases in regions of high 

attenuation around the airways in all time points in the asthma and pulmonary 

fibrosis models, and at the 24h time point after delivery of LPS. These outcomes 

correspond with the results of previous studies (Lederlin et al, 201 0; Rodt et al, 

201 0) as well as the presence of increased cell counts and/or visible pathological 

changes in histology. Given the image resolution capabilities of the micro-CT we 

used, the number of projections taken, and the voxel size of 115 ~m. it is difficult 

if not impossible to use visual interpretation to identify and grade pathological 

processes present in the lung without the associated histology. 

In this study the micro-CT densitometry of the large airway region was 

compared in female BALB/c and C57BU6 mice with ages ranging from 12 weeks 

to 24 weeks in age. To ensure that variability in the density profiles was not due 

to the strain or age of the mice, density differences between the control mice 

were compared. Differences in the models were determined not to be due to 

mouse strains (BALB/c and C57BU6), age (12 weeks to 24 weeks) or failure to 

reproduce the animal models (which were validated from histology and 

physiology for the asthma model). An analysis of the control density plots from 
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the airway segmentations of mice between age groups and strain show no 

significant differences {Appendix, Figure 45 & Figure 46). 

Since the airway lumen was included in the airway segmentation analyses of 

airway diameters were performed in the acute and chronic asthma models, and in 

the pulmonary fibrosis group. The analysis of the lumen diameter showed that 

there are no significant differences between the airway diameters in the asthma 

models compared to the control animals. These results correlate with data found 

by Lederlin and colleagues, who found no difference in the airway lumen areas 

derived from micro-CT images in murine models of chronic asthma {Lederlin et 

al, 2010). Therefore, in the asthma group, changes in density were assumed to 

be associated primarily with the parenchyma, airway walls and surrounding 

tissues in the peribronchial area. For the pulmonary fibrosis group an increase in 

airway diameter at the measured time point {2w) was noted compared to 

controls. These results correlate to finding by Lee and colleagues which found 

that the presence of fibrosis is associated with peripheral bronchial dilation {Lee 

et al, 2008). 

5 LIMITATIONS OF STUDY 
There are a number of potential limitations of this study; one of them is the 

segmentation protocol itself. Although it has been found to be an efficient way to 

distinguish the presence of pathologies the segmentation is limited to describing 
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changes only around the airways. The large airway segmentations were 

specifically created for this thesis in order to have a reproducible method that 

could be used in all animal models after analysis of the thoracic segmentation 

was found to be insensitive to density changes (data not shown). Furthermore, a 

lung segmentation method used in certain preclinical studies on mice (using the 

threshold range if -100 to -990 HU) (Guerrero, et al, 2007) could not extract the 

whole lung region in all models due to the presence of pathologies within and 

around the airways which caused increased lung density (>-100 HU). This 

prevented inclusion of regions of interest which were highly fibrotic or inflamed. 

Since our intent was to quantify these pathologies and not exclude them, the 

airway segmentation was deemed the best method as all disease models had 

been previously reported to express peribronchial pathologies in varying degrees 

(Card et al, 2006; Johnson et al, 2004; Kolb et al, 2002); and this was visually 

determined to be present in our models from the micro-CT images. 

Another potential limitation of the segmentation is that it was created by 

manual selection. This introduces a certain degree of user subjectivity in the 

region of interest, as well as possible variation in the region chosen between the 

animals themselves, although anatomical landmarks were used. Furthermore, it 

does not contribute to the goal of using CT densitometry to eliminate observer 

subjectivity present in visual assessment of CT images. Another limitation was 

the degree of variability apparent in the pulmonary fibrosis animals (Appendix, 
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Figure 47) with peak voxel frequency occurring at -300 to 50 HU. This variability 

was visually confirmed in the CT images (data not shown). The likely cause of 

this variability in CT densities is that altered amounts of adTGF-p were delivered 

to the lungs and hence subsequent inconsistent development of fibrosis and 

possibly elevations in macrophage infiltration may have been present. The 

adTGF-p was delivered using different IT methods. The dosage remained 

consistent, but the anaesthetic, device and delivery technique used were altered 

due to low survival rates of the first two groups. Due to this, it is believed that the 

first two groups received a higher dose with the more efficient intratracheal 

delivery technique. Warshamana and colleagues have shown that increasing the 

dose of adTGF-P in mice produce an early onset of fibrotic deposition and 

persistent inflammation, seen up to 28 days after delivery (Warshamana et al, 

2002). Thus, dosing changes between groups and within groups could produce 

the variability noted in our data. To control for variability in the airway 

segmentations, outliers were removed from the final grouped analysis. The data 

was considered an outlier based initially on CT densitometry plots and then visual 

confirmation of the histology slides. This same degree of variability was not noted 

in the asthma and LPS data. 

In addition, since the airway segmentation represents a small portion of the 

entire lung, whole lung measurements such as TCC and pulmonary resistance 

may not correlate to regional density changes, and pathological changes in the 
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rest of the lung will be excluded. This may be of concern for our models since 

regional differences have been reported in murine models of asthma. Wegmann 

and colleges found that acute asthma protocols have shown proximal 

inflammation whereas chronic protocols of aerosolized OVA delivery have been 

shown to contain both proximal and distal inflammation (Wegmann et al, 2005). 

Regional changes in pathologies have also been noted in the pulmonary fibrosis 

model created by adTGF-fl It has been reported that fibrogenesis starts at the 

delivery site (the airways) and then spreads throughout the parenchyma 

(Warshamana et al, 2002). Longitudinal studies trying to assess fibrotic 

development will likely not be amenable to measurements by the airway 

segmentation method once fibrotic progress spreads beyond the finite region of 

interest. However measuring density changes in the airways may describe 

another characteristic of the disease such as increased airway resistance. Thus, 

the intended use of this method must be considered with these limitations in mind 

when planning future studies. 

Another limitation to the study is our method employed to perform the 

statistical analyses. This method examined differences in plots on a bin by bin 

basis. Previous studies have used an average value such as relative area (RA), 

which examines changes in density within a specific density range. For example, 

RA has been employed in clinical studies to stage COPD by measuring the 

number of voxels in the range of -950 HU and smaller (Akira et al, 2009) and -
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450 HU in pre-clinical studies of emphysema in mice (Froese et al, 2007). A RA­

type analysis was initially performed on our airway segmentations. No published 

target density (like -950 HU for COPD in humans or -450 HU for mice) exists for 

animal models of asthma, PF, or LPS, so a cumulative plot of the baseline CT 

histogram data was created (Appendix, Figure 48). The density at which 50% of 

the voxels in the airway segmentation were found in a healthy lung was chosen, 

which was -249.5 HU. Using this value an RA measurement was performed from 

-249.5 HU and greater. This was useful for determining if pathologies are present 

within asthma, LPS and pulmonary fibrosis groups; however it was not useful for 

distinguishing between pathologies (Appendix, Figure 49 Figure 51). The 

shapes of many of the curves in the different models have unique profiles. To 

assess the shape of the curve, our method examined differences in plots on a bin 

by bin basis instead of using an average value like RA. This method was time 

consuming, and did not produce a value that could then be correlated to 

pathological changes. However, it was able to distinguish between the different 

pathologies which produce increased attenuation in the lungs when a common 

densitometry parameter like relative area (RA) could not. 

Our study demonstrated the importance of the plot shape for describing the 

presence of lung pathologies. This was previously reported by Hiromitsu, and 

colleagues; they found that the shape of the histogram from lung segmentation 

was characteristic of the pathologies present (Hiromitsu et al, 2009). An example 
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of this is the incorporation of plot shape descriptors such as measurements of 

skewness and kurtosis, in addition to more common measurements such as 

MLA, to better describe pathological progression in clinical CT studies of 

idiopathic pulmonary fibrosis (Best et al, 2008). Another branch of research is 

trying to take advantage of the different density patterns produced by pathologies 

in order to better characterize a disease state. This is called texture analysis and 

it applies pattern recognition algorithms to describe CT data and is able to 

characterize instances of fibrosis compared to inflammation, however, this 

research is currently in its infancy (Zavaletta, Bartholmai, and Robb, 2007). 

Finally, using micro-CT for quantitative assessment will be bound to present a 

certain amount of variation in the HU values of the air and water standards (Levi 

et al, 1982). The standards of air and water used to convert the attenuation 

values to HU for this thesis have been shown to have standard deviations of 50 

to 100 HU respectively (data not shown). Thus, if significant differences are 

measured over a region spanning two bins or less (-66 HU) it is difficult to make 

any confident claims of significance. Nonetheless, since many of the regions 

were greater than 2 bins in width the horizontal variability of density values does 

not diminish the validity of our outcomes. 
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6 CONCLUSIONS 
Using our method of airway segmentation it is possible to distinguish between 

a healthy and a diseased lung in all three murine pulmonary disease models of 

asthma, PF and neutrophilic inflammation induced by LPS. The examined 

regions around the airways showed altered density patterns with a shift to the 

denser region. Pathological changes, such as the progression of asthma from the 

acute to chronic model, and the resolution of eosinophilic inflammation, and the 

development and resolution of a neutrophilic inflammation by LPS, can also be 

assessed using this method. No changes were seen in the PF group and this 

correlated with histological findings, however, further analysis needs to be done 

in order to confirm that fibrotic changes were similar between the PF time points. 

This method of analysis affords a non-invasive way to assess disease 

progression longitudinally which will be useful for the testing of novel therapeutics 

to assess resolution of pathologies over time within the same subject. With this 

analysis it appears that it is also possible to distinguish between many of the 

pathologies based on the density profiles alone, which could not be seen by 

thoracic segmentation (data not shown). This is one of the benefits of the regional 

CT density assessment, allowing the detection of localized pathologies around 

the airways which whole lung assessments may not be sensitive enough to 

detect. Applications of this study should include focusing on regional differences 

in the plots which are unique to each disease model. These can be used to 

develop standard assessment methods like those that already exist in human CT 
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densitometry studies of COPD (eg. measuring the RA using the threshold value 

of -950 HU). 

7 FUTURE DIRECTIONS 
Given the available equipment and software, the airway segmentation method 

was the best method for the purposes of this study. The results of this 

segmentation have shown that there are specific regions of interest that appear 

to be characteristic of the certain pathologies; for example, the increase in the 

region --600 HU in the early fibrosis group time points (week 2 and 3), or the very 

large peak -50 HU that is present in the chronic asthma model. These outcomes 

now need to be addressed to develop a method of assessing the data in a more 

disease focused way. Since this thesis covers a range of pathologies there are 

many disease specific applications of this model; however, no one quantitative 

CT method can best describe all disease models. Future studies should include a 

longitudinal assessment with a dose response component to see if this 

quantitative CT method can detect differences in the degree of pathologies 

present over time. In the literature, alterations in degrees of cellular infiltration 

and the temporal development of fibrosis have been noted in murine models of 

PF (Washamana et al, 2002). Furthermore, the extent of edema and 

inflammation has also been shown to increase with increasing dose of LPS (Aim, 

et al, 201 0), and CT densitometry has been able to quantify differences in rat 

models of acute asthma produced by varying HDM doses using a lung 
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segmentation (Jobse et al, 2009). In addition, the airway segmentation method 

should continue to be developed on individual disease bases to find a standard 

density threshold (or range of values) characteristic of that particular pathology. 

Finding a standardized density range to characterize pathologies would be useful 

for disease identification and/or measuring disease progression. This has been 

previously reported in human studies of COPD. In clinical studies examining 

COPD by CT densitometry, -950 HU was found to be the ideal threshold to 

measure RA in order of detect emphysematous regions and this was found to 

correlate with disease progression (Akira et al, 2009). Using our airway 

segmentation method regions that could be further explored include the very low 

density range <-350 HU in the pulmonary fibrosis group which might indicate 

increased fibrosis (leading to airway expansion); or for asthma, changes around 0 

HU might describe increased peribronchial inflammation. 

Since the airway segmentation only describes a limited region further 

investigation quantifying localized pathological changes need to be performed. 

So far, the only quantitative measurements on a regional scale are from the CT 

densitometry plots. TCC may not necessarily correlate with regional density 

changes being measured within the segmentation. For example, visible 

differences in the extent of peribronchial inflammation were seen in lung sections 

between the HDMA and HOME groups even though TCC were found to be no 

different. In addition, the TCC of the recovery group, which were previously 
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reported to be no different from controls, still appeared to possess elevated 

peribronchial cellular infiltration compared to controls (present in histology), which 

is possibly a sign of local inflammation around the airways. Cases of persistent 

inflammation have been previously reported. Wegmann and colleagues found 

that inflammation remained significantly higher than controls at 6 weeks of 

recovery from their model of chronic asthma (Wegmann et al, 2005). Our TCC 

results correlate with the findings of a study by Johnson and colleagues that 

found (using a very similar asthma protocol) that at 2 and 4 weeks after cessation 

of HDM delivery, TCC was not significantly higher than controls, although they 

are slightly elevated (Johnson et al, 2004). In this case representative histology 

was not presented. Thus, no definite conclusion can be made concerning the 

cause of the plot differences until further analysis is performed such as 

histomorphometry examining the extent of peribronchial inflammation between 

HDMA and HOME. The same should be applied for the LPS 7 h group and 24 h 

group since there could possibly be a localized increase in cell around the 

airways at 7 h after delivery since neutrophils were detected and the CT 

densitometry plot expressed a slight shift to the denser region. 

Other methods of statistical analysis should be explored. Descriptors of the 

plot shift and shape (skewness and kurtosis) have been shown to be useful in 

clinical CT studies of pulmonary fibrosis (Best et al, 2008). However, our 

segmentation produces plots which in some cases are bimodal so these are not 
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easily applied to our data. One possible solution is using a multiple normal 

distribution curve fitting program designed by Professor P. MacDonald 

(Department of Mathematics & Statistics, McMaster University). This produces a 

curve fit to the frequency plot using any multiple nu~ber of normal distribution 

curves to accurately describe the data; an example of a HDMA control is seen in 

(Figure 35). This plot gives a mean of each normal curve and the SO, goodness 

of fit, and the percentage of area taken up by each curve, providing outcome 

measurements which describe the plots' shape. 
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Figure 35. Mixed normal distribution curve fitting to large airway 
segmentation in a mouse. The frequency plot (blue) represents the density 
distribution of voxels in one animal acutely exposed to HOM (HDMA - AA01 ). 
The red curves indicate the three normal distributions with means centered at the 
red arrows. The resulting fitted curve appears in green. 
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Figure 36. Representative cells in BALF from asthma models. (A) acute HOM 
exposure (HDMA), (B) vehicle treated control (VEH-HDMA), (C) chronic exposure 
(HOME), (D) VEH-HDME, (E) recovery following chronic exposure (HDMR), and 
(F) its vehicle-treated control (VEH-HDMR). Black arrows indicate eosinophils. 
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Figure 37. Representative cells in BALF from LPS induced neutrophilic 
inflammation models (X40). (A) 7 hrs post LPS, (B) vehicle treated control 
(VEH-7h), (C) 24 hrs post LPS, (D) vehicle treated control (VEH-24h), (E) and 2 
weeks post LPS, and (F) its vehicle-treated control (VEH-2w). Arrows indicate 
neutrophils. 
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Figure 38. Representative cells in BALF from adTGF-13 induced PF models. 
(A) 2 weeks, (B) vehicle treated control (VEH-2w), (C) 3 weeks, (D) VEH-3w, (E) 
and 4 weeks, and (F) vehicle-treated control (VEH-4w) after intratracheal adTGF­
~ delivery. 
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Figure 39. Mean airway diameters of the asthma model. The purpose of this 
analysis was to compare if differences in airway diameter exist between the 
asthma and control groups since the segmentation includes the airway lumen. (A) 
acute asthma model (HDMA) (n = 6) vs. age-matched, vehicle treated controls 
(VEH) (n = 6); chronic asthma model (HDMA) (n = 12) vs. age-matched, vehicle 
treated controls (VEH) (n = 12); andthe recovery following chronic HOM exposure 
(HDMR) (n = 6) vs. age-matched, vehicle treated controls (VEH) (n = 6). Error is 
in SEM. (*) indicates significant difference (P < 0.05). 
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Figure 40. Mean airway diameters of mice 24 hrs after receiving LPS (n = 6) 
compared to controls (VEH) (n = 6). The purpose of this analysis was to 
compare if differences in airway diameter exist between the LPS 24h and control 
groups since the segmentation includes the airway lumen. 
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Figure 41. Mean airway diameters of pulmonary fibrosis model. The purpose 
of this analysis was to compare if differences in airway diameter exist between 
the pulmonary fibrosis and control groups since the segmentation contains the 
airway lumen. Time point at (A) 2 weeks (PF-2w) (n = 12), (B) 3 weeks (PF-3w) 
(n = 4), and (C) 4 weeks (PF-4w) (n = 5) after delivery of adTGF~-1 compared to 
their age-matched, vehicle treated control groups: VEH-2w (n=6), VEH-3w (n=6), 
VEH-4w (n = 6). Error is in SEM. (*) indicates significant difference (P < 0.05). 
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Figure 42. Average lung volumes of mice in the asthma model compared to 
controls. Volumes are derived from thoracic segmentation of CT images at end 
expiration. The groups compared were: HDMA (n=6); VEH-HDMA (n=6); HOME 
(n=12), VEH-HDME (n=12); HDMR (n=6), VEH-HDMR (n=6). Error is in SEM. (*) 
p < 0.05 
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Figure 43. Average lung volumes of mice in the LPS model after delivery of 
compared to controls. Volumes are derived from thoracic segmentation of CT 
images at end expiration. The groups compared were: LPS-7h (n=6) vs. VEH-7h 
(n=12); LPS-24h (n=7) vs. VEH-24h (n=8); LPS-2w (n=6) vs. VEH-2w (n=4 ). 
Error is in SEM. 
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Figure 44. Average lung volumes of mice in the pulmonary fibrosis model 
after delivery of adTGFP-1 compared to controls. Volumes are derived from 
thoracic segmentation of CT images at end expiration. The groups compared 
were: PF-2w (n=11) vs. VEH-2w (n=6); PF-3w (n=?) vs. VEH-3w (n=6); PF-4w 
(n=B) vs. VEH-4w (n=6). Error is in SEM. 
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Figure 45. Comparison of the density distribution of selected large airways 
of two mouse strains (BALB/c and C57BL/6). This plot presents density 
distribution derived from large airway segmentations in CT images of all 
examined controls groups of each disease model: the LPS induced neutrophilic 
inflammation (VEH- BALB/c- LPS group) (n=16), asthma (VEH- BALB/c­
HOM group) (n=24), and PF (VEH- BALB/c- PF group) (n=18) models. The 
purpose of this analysis is to assess if density differencescould be present with 
altered mouse strain. No differences were found between each of the three 
control groups. All points represent the mean values. A one way ANOVA was 
performed over all bins comparing the controls to each other. Error is in SEM. 
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Figure 46. Age comparison of the density distributions of selected large 
airways in control groups of BALB/c mice. This plot presents density 
distribution derived from large airway segmentations in CT images of all 
examined control groups: -12 weeks old (12 W) (n=B); -14 week old (14 W) 
(n=4 ); -20 week old (20 W) (n=12); and -24 week old (24 W) (n=6) female 
BALB/c mice. This examines density differences that could be present with 
altered age. No differences were found between each of the three control groups. 
All points represent the mean values. A one way ANOVA was performed over all 
bins comparing the controls to each other. Error is in SEM. 
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Figure 47. CT densitometry output from large airway segmentation in mice 
2w after delivering TGF-131 compared to the averaged frequency 
distribution of their age matched and adenovirus vector treated control 
(AVG-VEH). The above three plots includes data from airway segmentation in all 
female C57BL/6 mice used in the data for the week 2 time point. The label PFCT 
indicates each individual subject exposed to adTGF~-1; and AVG-VEH indicates 
the average control group: (A) Group 1; Group 2 (B); Group 3 (C). 
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Figure 48. Representational cumulative plot of baseline data in a large 
airway segmentation. Cumulative data from baseline airway segmentation 
density plots of all mouse models. The red line indicates 50% of voxels. The 
dotted line indicates the median density (-249.5 HU). 
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Figure 49. Cumulative voxel frequency from -249.5 to 220 HU of the large 
airway segmentations in the three different mouse asthma models. Total 
number of voxels was measured from -249.5 HU and greater. The data is 
expressed as (A) the cumulative number of voxels in the density range of -249.5 
HU to 220 HU and (B) % voxels in the -249.5 to 220 HU range compared to total 
voxels in airway segmentation. HDMA (n=6); VEH-HDMA (n=6); HOME (n=12), 
VEH-HDME (n=12); HDMR (n=6), VEH-HDMR (n=6). All points represent the 
mean values. Error is SEM. (*) indicates significant difference (P < 0.05). 
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Figure 50. Cumulative voxel frequency from -249.5 to 220 HU of the large 
airway segmentations of mice following exposure to LPS. The total number 
of voxels was measured from -249.5 HU and greater in the LPS model. The data 
is expressed as (A) the cumulative number of voxels in the density range of -
249.5 HU to 220 HU and (B) % voxels in the -249.5 to 220 HU range compared 
to total voxels in airway segmentation. LPS-7h (n=6), VEH-7h (n=12); LPS-24h 
(n=7), VEH-24h (n=8); LPS-2w (n=6), VEH-2w (n=4 ). All points represent the 
mean values. Error is SEM. (*)indicates significant difference (P < 0.05). 
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Figure 51. Cumulative voxel frequency from -249.5 to 220 HU of the large 
airway segmentations in mouse models of pulmonary fibrosis following 
delivery of TGF-81 at 2 weeks (n = 12), 3 weeks (n = 12), and 4 weeks (n = 
1 0). The total number of voxels was measured from -249.5 HU and greater in the 
PF model. The data is expressed as (A) the cumulative number of voxels in the 
density range of -249.5 HU to 220 HU and (B)% voxels in the -249.5 to 220 HU 
range compared to total voxels in airway segmentation. PF-2w (n=11) vs. VEH-
2w (n=6); PF-3w (n=7) vs. VEH-3w (n=6); PF-4w (n=8) vs. VEH-4w (n=6). All 
points represent the mean values. Error is SEM. (*) indicates significant 
difference (P < 0.05). 
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