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ABSTRACT
 

Allergic asthma is a disease involving airway inflammation, commonly linked to 

allergen exposure.  Computed tomography (CT) is used to quantitatively assess changes 

in density, hence inflammation, in the lung.  CT imaging provides the ability to non-

invasively and longitudinally study disease progression and evaluate treatment efficacy.  

The objective of this study was to determine the sensitivity of CT to detect the anti-

inflammatory effects of budesonide (BUD) by measuring airway tissue density in a rat 

model of allergic airway disease.   

Female Brown Norway rats were exposed intratracheally to house dust mite (HDM) 

extract (250 µg in 100µL saline) or saline control every other day for a total of five 

administrations (inflammatory phase).  A BUD dose and temporal response study was 

performed using BUD 0, 10, 100, and 300 µg/kg administered concurrently with HDM 

for three and six treatments (treatment phase).  CT scanning was performed at baseline, 

post inflammatory phase, and after three and six BUD treatments.  From the CT, density 

was measured in a defined volume of interest surrounding the major airways.  

Bronchoalveolar lavage (BAL) and histological samples were collected at the same time 

points.   

After the inflammatory phase, a significant increase in peribronchial density was 

found in the HDM group compared to controls.  This corresponded to a significant 

increase in inflammation by histology and BAL total cell count (TCC), specifically 

eosinophils.  Within the treatment phase after three treatments, BUD 100 and 300 µg/kg 

led to a significant shift in lung density compared to HDM exposure alone, to a state 

similar to baseline.  All BUD treated groups expressed a significant reduction in 

peribronchial density after six treatments.  However, histology and BAL TCC only 

showed a significant decrease in inflammation after six treatments for all three BUD 

doses.    

CT densitometry is a sensitive, non-invasive method of evaluating the anti-

inflammatory effects of budesonide and can be used for future screening of therapies in 

allergic lung models.  Airway segmentation of CT permits the localized assessment of 

peribronchial inflammation, while other outcome measurements, such as BAL cytology, 

provide whole lung assessment which may not accurately reflect important regional 

changes. 
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CHAPTER 1 

1 INTRODUCTION 

This thesis examined small animal CT imaging as an effective, non-invasive 

evaluation of biological processes, such as inflammation, without the need for serial 

sacrifice of animals.  It was used in a longitudinal study to characterize asthma 

progression and evaluate the ability of CT to measure the efficacy of corticosteroids with 

animals serving as their own controls.  This was achieved by comparing CT densitometry 

of the large airways in a model of allergic airway disease with corticosteroid treatment.   

1.1  Asthma 

Allergic asthma is a health problem that affects millions worldwide.  It is now 

understood that asthma is a chronic disease caused by many different types of exposures, 

including allergens, leading to airway hyperresponsiveness (AHR), inflammation, and 

airway remodelling (Schoor et al. 2000, Kasahara et al. 2002, Fahy 2009).  Asthma is 

characterized by airway smooth muscle thickening, subepithelial fibrosis, collagen 

deposition, goblet cell hyperplasia, myofibroblast hyperplasia, and epithelial cell 

hypertrophy (Elias 2000, Barnes 2008).  The specific immune events that can lead to a 

person becoming asthmatic are not currently understood.  What is known is that chronic 

exposure to common allergens can lead to allergic sensitization causing airway 

obstruction, which is variable and reversible (Barnes 2008, Bogaert et al.  2009).  

1.1.1  Mechanisms of Asthma 

Asthma is an inflammatory disease of the airways defined by physiological changes 

induced by obstruction, inflammation, and AHR (Barnes 2008, GINA 2009).  Early phase 
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(acute) allergic asthmatic develops an increase in sensitivity and responsiveness to 

inhaled allergen roughly 10 minutes after exposure.  This causes bronchoconstriction with 

the increase in mucus production, dyspnea, wheezing, and coughing in patients (Bousquet 

et al. 2000, Basdemir et al. 2001, Bogaert et al. 2009).  The early asthmatic response is 

characterized by the rapid activation of airway mast cells, macrophages, basophils, 

histamines, proteases, and T-helper lymphocytes.  The T-helper lymphocytes lead to the 

production of cytokines, such as interleukin IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-13, 

interferon (IFN)-γ, and tumour necrosis factor α (TNF-α) (Holgate 1993, Anderson & 

Morrision, 1998, Bloemen et al. 2007). These activated cells rapidly induce 

microvascular leakage with exudation of plasma into the airways (Bousquet et al. 2000).  

Additionally the asthmatic response over expresses IgE from B cells and an increase in 

eosinophils which are present in large numbers in the blood, sputum, and bronchoalveolar 

lavage fluid (BALF) (Bousquet et al. 1990, Anderson & Morrision 1998, Rosi et al. 

1999). The late phase allergic response occurs anywhere from 3 to 10 hours after the 

initial allergic reaction. As the asthma attack prolongs, more severe congestion and 

excessive inflammation of the airways materialize leading to progressive, persistent, and 

severe airway obstruction than seen in the early phase allergic response (Lancas et al. 

2005, Bloemen et al. 2007). This airway obstruction is due to the thickening of the 

mucosa, oedema, and infiltration of inflammatory cells into the lungs, including 

eosinophils, CD4
+
 T cells, mast cells, fibroblasts, basophils, neutrophils, and 

macrophages which are released by the bone marrow before being recruited by the airway 

walls (Drazen et al. 1996, Bousquet et al. 2000, Basdemir et al. 2001, Barnes 2008, 
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Bogaert et al. 2009).  Eosinophils continue to release pro-inflammatory mediators, 

cytotoxic mediators, and cytokines, producing vascular leakage, hypersecretion of mucus, 

smooth muscle contraction, epithelial shedding, and bronchial hyperresponsiveness 

(Bousquet et al. 2000).  Late phase asthma also involves airway inflammation which 

initiates remodelling if not treated, resulting in decreased lung function (Drazen et al. 

1996, Bousquet et al. 2000, Bloemen et al. 2007, Bogaert et al. 2009).  Remodelling of 

the airways includes structural changes such as smooth muscle hypertrophy, goblet cell 

hyperplasia, epithelial and subepithelial fibrosis by deposition of collagen, and increased 

vascularization (Ahn et al. 2007, Bogaert et al. 2009). 

1.1.2  Clinical Diagnosis  

Pulmonary function testing is used to measure lung volume, bronchial obstruction, 

gas exchange, lung compliance, and ventilatory capacity (Behr & Furst, 2008).  

Spirometry is the main test clinicians administer to measure the mechanical function of 

the lungs, chest wall, and respiratory muscles by evaluating the forced vital capacity 

(FVC), forced expiratory volume in 1 second (FEV1), and the total volume of air exhaled 

from a full lung (total lung capacity; TLC) to an empty lung (residual volume) (Morris, 

1976).  A diagnosis of asthma is made based on symptoms presented, such as shortness of 

breath, cough, and wheezing, in addition to a ≥ 20% reduction in FEV1 after inhaled 

methacholine, a muscarinic receptor agonist that causes bronchoconstriction (≤ 8 mg/ml) 

(Rosi et al. 1999, Sont et al. 1999, Fujimura et al. 2005).  Impaired lung function does not 

allow a specific diagnosis to be made, but facilitates the assessment of the presence or 

absence and the severity of lung disease (Behr & Furst, 2008).   
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1.1.3  Animal Asthma Models 

Asthma is not a disease naturally found in rats or mice, but many methods have 

been developed to stimulate asthma-like response for further investigation into the disease 

(Johnson et al. 2004, Jobse et al. 2009, Cates et al. 2004).  Sensitizing the rat topically, 

subcutaneous, or sublingually for a specified duration will initiate asthma mechanisms by 

overexpressing inflammatory mediators while exposure to allergen induces an immune 

response (Fulkerson et al. 2005, Jobse et al. 2009, Senti et al. 2009, Incorvaia et al. 

2010).  The duration of the sensitization phase differs between models.  For intratracheal 

administration with allergens such as house dust mite (HDM), 7 to 10 days of exposure 

results in peribronchial, perivascular, and parenchymal inflammation (Johnson, et al. 

2004, Jobse et al. 2009). 

To date, most models of allergic asthma have employed ovalbumin (OVA) relying 

on intraperitoneal delivery and coupling of an adjuvant, such as aluminium hydroxide, to 

elicit systemic sensitisation followed by an airway challenge to induce an inflammatory 

response (Cates et al. 2007).  Not only does respiratory exposure to OVA lead to 

inhalation tolerance, thus reducing the physiological response and requiring a larger dose 

to provide the given response, but there have been problems in the assessment of 

repetition and maintenance of chronic inflammation in the lungs (Ahn et al. 2007).  Many 

researchers have looked towards the use of HDM as it has been found to be more 

successful than OVA at producing a model with concurrent AHR, airway remodelling, 

and eosinophilic inflammation (Johnson et al. 2004). 
 
The species Dermatophagoides 

pteronyssinus is a frequently implicated source of mite allergens in subjects with 
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respiratory allergy.  Although whole mite extracts are complex from an immunological 

perspective, they are ultimately more representative of real-life allergen exposure (Cates 

et al. 2004).  Cates et al. showed that the intranasal administration of this whole mite 

extract to mice, in the absence of exogenous adjuvants for 10 consecutive days, leads to a 

robust inflammatory response (Cates et al. 2004).  Chronic exposure to HDM has been 

shown drive airway remodelling, chronic eosinophilic inflammation, and AHR (Whitty 

2011, Johnson et al. 2004, Southam et al. 2008).  

Rats are a commonly used species for preclinical studies of pulmonary disease as 

they provide the ability to study mechanisms of disease that affect lung structure and 

function (Werner-Klein et al. 2008, Jobse et al. 2009).  The Brown Norway (BN) rat has 

been used in numerous models of allergic inflammation since this animal develops both 

early and late airway responses, with increased bronchial hyperresponsiveness, elevated 

IgE, and airway eosinophilia in response to active immunization to inhaled allergen 

challenges. (Hylkema et al. 2002, Singh et al. 2003, Ellis et al. 2004, Percy et al. 2008, 

Werner-Klein et al. 2008, Jobse et al. 2009, Brange et al. 2009).  These preclinical 

models are not an identical replication of the human disease, but do impart valuable 

information regarding the infiltration of specific cell types, changes in lung density, and 

remodelling in response to allergen exposure.            

1.2  Asthma Treatments 

Inhaled corticosteroids are the first line therapy for long-term management of 

asthma (Horvath et al. 2006).
 
 They have become established as the most potent anti-

inflammatory agents in the pharmacotherapy of various chronic inflammatory diseases, 
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including asthma (Horvath et al. 2006).  Inhaled corticosteroids have a rapid suppressive 

effect on airway inflammation, and an increased dose is often used during exacerbations 

to prevent the increase in airway inflammation (Barnes, 2008).  Corticosteroids exert their 

effects by binding to cytoplasmic glucocorticoid receptors, which are mainly localized in 

airway epithelial cells and the endothelium of the bronchial vasculature (Goldsmith et al. 

2004).  Stimulation of these receptors leads to
 
down-regulation of pro-inflammatory 

mediators, such as cytokines interleukin 1 (IL-1), interleukin 6 (IL-6), and tumor necrosis 

factor-alpha (TNF-α).  Corticosteroids also control inflammation by increasing the 

transcription of anti-inflammatory genes and decreasing the transcription of inflammatory 

genes (Barnes, 1998).  Budesonide (BUD), an inhaled corticosteroid, has been used since 

1980 as a dry powder inhaler (DPI) or nebulised suspension (Abdullah et al. 2007).  

Research has shown that budesonide dosing significantly reduces sputum eosinophils 

clinically and attenuates bronchial inflammation in an allergic rat model (Bandi and 

Kompella, 2001, Gibson et al. 2001, Basdemir et al. 2001).
  

Long-acting bronchodilators are inhaled treatment used simultaneously with inhaled 

corticosteroids when steroids are unable to completely control asthma symptoms (Kelly, 

2008).  This combination asthma therapy, such as budesonide and formoterol, works by 

keeping the airways open and the muscles relaxed (Kelly, 2008).  Brange et al. has shown 

clinically that budesonide/formoterol dosing improves the control of asthma 

exacerbations and inhibited both airway/lung inflammation and increased airway 

contractility in an allergic Brown Norway rat model (Brange et al. 2009).  Leukotriene 

receptor agonists are an asthma therapy that protect against bronchoconstriction (Leff et 
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al. 1998).  Additional short-term rescue medications are used to provide quick relief to 

sudden onset of asthma exacerbations.  Short-acting bronchodilators reduce symptoms 

such as shortness of breath, chest tightness, wheezing, and cough (Reinke and Hoffman, 

2000).      

1.2.1  Pharmacology of Corticosteroids 

Corticosteroids are administered by inhalation causing higher concentrations to 

target the airway mucosa and limiting exposure in the rest of the body.  They have a high 

receptor affinity, first-pass liver and gut inactivation, and prolonged local concentration in 

the airways (Miller-Larsson et al. 1998).  Corticosteroids are the most effective drugs to 

suppress airway inflammation, mainly by down-regulation of pro-inflammatory proteins 

(Horvath et al. 2006).  They moreover reverse some components of asthma-induced 

structural changes, including vascularity of the bronchial wall and collagen 

deposition(Chanez et al. 2004, Horvath et al. 2006).   

Budesonide is a potent glucocorticosteroid that controls the inflammatory process 

through its genomic actions on a variety of cells and mediators (Hayashi et al. 2004).  It 

has a high affinity for the cytoplasmic glucocorticoid receptors present in airway 

epithelial cells, the endothelium of the bronchial vasculature, and elsewhere in the lung 

tissue (Horvath et al. 2006, Goldsmith et al. 2004).  This mechanism alters transcription 

of pro-inflammatory genes by repression of the transcription factors activator protein-

1 (AP-1) and nuclear factor kappa B (NF-B) by decreasing the expression of various 

genes that encode for inflammatory mediators, such as IL-6, IL-8, and TNF-α (Bandi et 
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al. 2001, Hayashi et al. 2004, Horvath et al. 2006, Goldsmith et al. 2004).  Additionally, 

as inhaled budesonide saturates these receptors, excess forms esters with long-chain fatty 

acids, resulting in the formation of inactive budesonide esters (Kelly 2003).  This 

suggests that reversible esterification may lead to the slow release of active budesonide at 

the targeted site of activity (Tunek et al. 1997, Miller-Larsson et al. 1998, Kelly 2003).  

Non-genomic actions are initiated by specific interactions with membrane-bound or 

cytoplasmic glucocorticoid receptors, or non-specific interactions with the cell (Horvath 

et al. 2006).  Potential mechanisms of action include
 
a reduction in the eosinophil 

infiltrate, inhibition of
 
vascular exudation, and inhibition of mucous secretion (Gibson et 

al. 2001). 

Small animal models of pulmonary disease are
 
rapidly developing into the standard 

for better
 
understanding of disease physiology and new drug development (Farncombe 

2008).  In an asthma model, inhaled glucocorticoids have been shown to reduce antigen-

induced infiltration of BAL fluid eosinophils, lymphocytes, and neutrophils in Brown 

Norway rats (Xu et al. 2000).  Budesonide inhibited airway smooth muscle growth and 

central airway goblet cell hyperplasia following ovalbumin challenges in Brown Norway 

rats.  In addition, budesonide inhibited small but not large airway total wall area smooth 

muscle growth and central airway goblet cell hyperplasia and did not inhibit airway 

hyperresponsiveness after repeated challenge (Siddiqui et al. 2010).  Budesonide also 

rapidly inhibited the histamine-induced contractions of airway smooth muscle mediated 

by non-genomic mechanisms using tracheas from albino Hartley guinea pigs (Sun et al. 

2006).  In a radiolabeling study that used intratracheal instillation of tritium-labeled 
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budesonide and fluticasone in rats, 25% of the budesonide dose and 7% of the fluticasone 

dose remained in the trachea at 6 hours. After 24 hours, the difference between the two 

inhaled steroids was 30-fold in favour of budesonide (3.2% vs. 0.09%, respectively, of 

radioactivity measured at 20 minutes), suggesting prolonged retention of budesonide in 

the lungs (Kelly, 2003).  In Sprague-Dawley rats exposed to bleomycin and assessed by 

magnetic resonance imaging (MRI), a diffuse signal was associated with induced 

inflammation and confirmed by histology.  Budesonide treatment resulted in decreased 

MRI signals 24 hours post corticosteroid administration.  Conversely, budesonide therapy 

did not completely resolve the signal but histology did show a decrease in inflammation 

(Babin et al. 2011). 

1.2.2  Clinical Application 

A major goal of asthma treatment is to manage the symptoms with the least amount 

of treatment mediation (Brange et al. 2009). There is evidence that inhaled corticosteroid 

therapy induces clinically important rapid changes in pulmonary function, whereas 

systemic corticosteroids probably require >6 h to 24 h to improve pulmonary function 

(Horvath et al. 2006).  The aim of inhaled corticosteroid therapy is to employ strong local 

anti-inflammatory effects in the airways with low risk of unwanted local and systemic 

effects (Kelly, 2003).   

Targeting treatment to the eosinophilic airway inflammatory response in asthma is 

now a major recommendation of current asthma
 
management guidelines (Gibson et al. 

2001).  Budesonide interacts clinically in patients as ~90% plasma protein bound, with a 

volume of distribution of ~3 L/kg.  It is 90% biotransformed to metabolites in the liver 
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with a systemic clearance of ~1.2 L/min, and small amounts of budesonide are detected in 

the urine as it has a short (2-4 hours) elimination half-life (Goldsmith et al. 2004).  It has 

been reported to inhibit both early and late airway responses to antigen challenge by 

reducing airway inflammation in the lungs of asthma patients along with decreasing 

eosinophilic infiltration, inhibiting vascular exudation and mucous secretion (Gibson et 

al. 2000, Xu et al. 2000).   Maximum serum concentrations of budesonide occur within 

30 minutes after inhalation, with similar absorption characteristics seen in children and 

adults (Goldsmith et al. 2004).  Additionally, a study has successfully demonstrated that a 

single dose of inhaled budesonide significantly reduced sputum eosinophils
 
6 h after 

administration (Gibson et al. 2001). 

1.3  Computed Tomography 

Computed tomography (CT) is an important diagnostic tool used for longitudinal 

non-invasive investigation of pathological lung diseases, though in asthma, CT is not 

actively used.   However, through the use of quantitative measurement of tissue density, 

CT could be used to study different lung diseases such as emphysema, allergic 

inflammation, and fibrosis (Ask et al. 2008, Jobse et al. 2009, Lederlin et al. 2010).  CT 

imaging provides high spatial resolution and complete rotation of the gantry.  This allows 

several respiratory cycles to be imaged, supplying information regarding lung densities 

and volumes at lung expiration and inspiration (Langheinrich et al. 2004, Ask et al. 2008, 

Ertel et al. 2009).  CT analysis is typically used for qualitative purposes in nature, but CT 

lung density measurements provide an objective qualitative analysis and have been shown 

to significantly correlate to pulmonary functions tests of airflow obstruction and 
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hyperinflation (Heremans et al. 1992, Carroll et al. 2006).  Preclinically, CT imaging 

allows the study of individual animals over time (Langheinrich et al. 2004, 

Artaechevarria et al. 2009, Brange et al. 2009).  This permits the assessment of the 

progression and severity of pathologies and their resolution with therapy in the same 

subject, reducing animal numbers and inter-subject variability (Johnson 2007, Jobse et al. 

2009, Cavigli et al. 2009).  CT imaging also provides images that can be compared with 

the biological responses of inflammation seen by BAL and histology to provide 

complementary information (Johnson 2007, Jobse et al. 2009).   

1.3.1  History of Computed Tomography 

Computed tomography was invented by G.N. Hounsfield in the early 1970s.  He 

used X-ray radiation to create non-invasive images of anatomical structures based on 

differences in tissue densities (Hounsfield, 1973, Poulsen et al. 2007).  Hounsfield’s 

principles of CT involve multiple planar images taken from 360° around the subject while 

exposed to a source of X-ray radiation (Figure 1).  These projections are acquired with a 

scintillation crystal or xenon gas detector that converts light energy into an electrical 

signal which is linked to a computer and reconstructed to create a 3D image (Hounsfield, 

1973).  Denser materials have a higher electron density, producing an increase in X-ray 

attenuation.  These density differences produce a final image where the denser areas of 

higher attenuation appear lighter and the less dense areas of lower attenuation regions 

appear darker (Hounsfield, 1973).  Attenuation values are converted to relative density 

values called Hounsfield Units (HU), where standards are water (0 HU) and air (-1000 

HU) (Hounsfield, 1973).
  

The resulting image is comprised of 3D pixels, called voxels, 



MSc. Thesis – K. L. Lindsay; McMaster University – Medical Sciences 

26 

 

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 

(Hounsfield, 1973).  CT imaging has become an important tool for the assessment of lung 

disease.   

 

Figure 1. Schematic of a typical CT imaging system with a fixed source and detector and 

rotating stage (Paulus et al. 2000). 

 

1.3.2  Components of CT Imaging 

X-ray radiation is a form of electromagnetic radiation with a wavelength of 0.01 to 

10nm, frequencies from 3×10
16

 Hz to 3×10
19

 Hz, and energies in the range of 120 eV to 

120 keV (Koningsberger and Prins, 1987).  X-rays are shorter in wavelength than ultra-

violet rays and longer than gamma rays (Novelline, 1997).  X-rays are generated by an X-

ray tube which employs high voltage to accelerate electrons released by a hot cathode to a 

high velocity.  The high velocity electrons collide with the anode, a metal target, which 

creates the X-rays (Whaites, 2002).  CT uses the attenuation of X-rays by tissues as the 

signal for producing an image (Schuster et al. 2004).   As attenuation is dependent on the 
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quantity of X-ray radiation reaching the detector, variability occurs with different X-ray 

dosages, the durations of scanning, and the use of different machines (Robinson 1979, 

Levi et al. 1982, Cavanaugh et al. 2004).  A series of planar projection images displays 

the attenuation
 
of the emitted X-rays as acquired from around the subject at several 

different angles (Farncombe 2008).  The projection images are further reconstructed
 
by a 

cone beam reconstruction algorithm, which reduces the lateral spread of the electron 

beam seen by fan-beams providing volumetric data, to determine the 3D
 
anatomical data 

associated to tissue density (Feldkamp et al. 1984, Wang et al. 1993, Farncombe 2008).  

This output data of the image creates a physical map divided into voxels with a precise 

location and average attenuation value using standards of water (0 HU) and air (-1000 

HU), providing regional density measurements of the lung that can be quantified 

(Hounsfield 1973, Robinson 1979).  CT imaging provides high spatial resolution images 

of small animals (Langheinrich et al. 2004).  The number of projections obtained for 

spatial resolution is directly proportional to radiation dose (Farncombe 2008).  By 

knowing the radiation dose administered during a routine CT scan, caution can be taken 

to avoid significant and potentially lethal doses of radiation, keeping in mind the duration 

of each scan and the number scans (Obenaus and Smith 2004). 

1.3.3 CT Imaging Improvements  

Numerous CT mechanisms have remained the same since its beginning: the gantry 

where the energy source and detector are connected on opposite sides and rotated 360 

degrees around the object; the platform where the object lies during imaging; and the 

computer system (Paulus et al. 2000).  However, several enhancements in CT technology 
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have been made: continuous spiral acquisitions, increased speed, higher resolution, 

increased number of detectors, decreased size of the X-ray focal lens, use of cone beam 

X-rays, gating capabilities, etc.  These are just a few of the improvements and advances 

which have directly improved image quality and led to a reduction in acquisition time, 

generating high spatial resolution to further explore the fine anatomical structures of 

numerous rodent organs such as the lungs, heart, and kidneys and to specifically move 

beyond into non-invasive studies of regional lung physiological function (Paulus et al. 

2000, Cavanaugh et al. 2004, Langheinrich et al. 2004, Simon 2004). 

Respiratory gating is used to suppress imaging artifacts due to respiration during 

imaging acquisition (Farncombe 2008).  Respiratory gating of CT images are frequently 

acquired clinically by techniques such as, breath hold at full inspiration and full 

expiration (Mah et al. 2000), forced-shallow breathing technique using a physical plate 

placed and fixed over the abdominal region (Blomgren et al. 1995), and using a marker to 

generate the respiratory cycle where the gating window can be set to turn the beam ON 

within and OFF outside the gate (Saw et al. 2006).  Preclinically, we used the respiratory 

gating software, RespGate, which provides a post acquisition measurement of inhalation 

and exhalation while the animal is freely breathing (Farncombe 2008).  More projections 

are measured during expiration (gate 1) exhibiting the best contrast to measure 

emphysema, and fewer projections are measured during inspiration (gate 4) having the 

greatest contrast for inflammation and fibrosis (Farncombe 2008, Jobse et al. 2009).  

Additionally, other preclinical gating techniques have been used, such as computer-

controlled intermittent iso-pressure breath hold (Namati et al. 2006), external sensor as a 
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expiratory cushion that is placed below the chest of the small animal (Bartling et al. 

2007), and optical systems to deduce the breathing movements (Bartling et al. 2008).  

RespGate, is more beneficial than complex external respiratory monitoring devices as it 

uses projection data to reduce motion artefacts supplying functional information about 

lung volumes, such as respiratory tidal volume (Farncombe 2008, Ask et al. 2008). 

1.3.4  Imaging Lung Inflammation 

Other imaging technologies can be used to measure lung inflammation; however, 

the function of these techniques to quantify allergic inflammation is limited.  Positron 

Emission Tomography (PET) scans are used to study biological processes, such as 

inflammation and alveolar ventilation and perfusion, using inhaled or injected 

radionuclides (e.g. 
18

F-FDG), but due to its limited spatial resolution, there is limited 

agreement with suitable biomarkers (Hsia et al. 2009, Jannasch, et al. 2009).  Magnetic 

Resonance Imaging (MRI) technologies use hyperpolarized gas (e.g. 
3
He) and are less 

used in lung studies as this is one of the most challenging organs to image with the low 

signal content of lung tissue, but for lung diseases involving oedema, fibrosis, and 

inflammation, MRI easily detects the signal proton density of water (Beckmann et al. 

2001, Karmouty-Quintana et al. 2007, Ask et al. 2008, Blamire 2008).  Single Proton 

Emission Computed Tomography (SPECT) imaging also suffers from low spatial 

resolution, and has long acquisition times, but allows the measurement of regional blood 

flow and ventilation simultaneously using tracers such as 
99m

TC and 
123

I (Levin, 2005, 

Jannasch et al. 2009). 
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1.3.5  Quantification vs. Visualization of CT Imaging  

CT imaging is employed as a non-invasive method to analyse anatomical structures 

within the human body.  Clinically, physicians continue to employ visual interpretation of 

CT images for many disease diagnoses with staging as the principle function to visualize 

differences in tissue density to differentiate diseased from healthy tissues.  The major 

fault with this process is subjectivity based on the observer (Ng et al. 2007).  Several 

benefits of quantifying the image include avoiding biases and variability caused by the 

interpreter, detecting pathological changes the human eye might not be able to detect, and 

the ability to measure density changes within a 3D space (Grenier et al. 1996, Akira et al. 

2009, Froese et al. 2007).  CT densitometry allows for the evaluation of the whole lung in 

a reasonable amount of time and is more reproducible compared to visual evaluation of 

the extent of pulmonary diseases.  Densitometry may be crucial to detect minor changes 

in diseased lungs as well as possible successful improvements after medical treatment 

(Cavigli et al. 2009). 

1.4  CT Densitometry  

CT densitometry is an optimal modality to represent the lung in vivo and its 

morphological changes during the progression of respiratory disease such as asthma, as it 

creates contrast between air and the surrounding lung tissue (Jannasch et al. 2009).  The 

CT image is created of voxels that have values mapped to the density of the tissue being 

imaged (Johnson 2007).  This process creates a CT scale of Hounsfield units (HU) 

centred on water with a value of zero.  Tissues that are less dense than water are negative 

on the HU scale, while the higher density tissues are positive.  Furthermore, the HU scale 
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provides the ability to quantify density changes in the lungs (Johnson 2007).  Therefore, 

CT imaging has become a useful innovative investigative tool to display the density 

contrast between lung and the surrounding tissues (Walters et al. 2004).  

1.4.1  Clinical CT Densitometry of the Lung  

The application of quantifying pulmonary changes in the lungs has been employed 

since the early 1960s and CT densitometry specifically has been used since the late 1970s 

(Wegener 1978, Robinson 1979).  As the lung is a mixture of tissue (blood, cells, and 

fluid) and air, the density of the human lung is said to be less than zero at approximately  

-700 HU, making it relatively easy to differentiate and segment the lung from the 

surrounding tissues such as skeletal muscle, bones, and vasculature (Bushberg et al. 1994, 

Johnson 2007).  Regions of interest within the lung are regularly utilized in CT 

densitometry, creating density distribution profiles of the proximal airways (Gupta et al. 

2010).  CT also has the ability to measure lung densities to provide insight into lung 

function and anatomy, such as gas exchange measured by functional residual capacity 

(FRC) and lung volume of gas (Schuster et al. 2004). 

1.4.1.1  Clinical CT Densitometry Studies 

Clinically diagnosis of pulmonary diseases is centred on indirect features like 

pulmonary function tests, clinical examinations, visual assessment by X-rays, and CT 

images.  These tests have limited value as, classically, they neglect the detection of mild 

or moderate changes in lung tissues (Boehm et al. 2008). CT lung densitometry for 

quantitative analysis is not a widely used method in the clinical practice.  There have been 

http://tpx.sagepub.com/content/35/1/59.long#ref-12
http://tpx.sagepub.com/content/35/1/59.long#ref-2
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studies evaluating standardizing and validating different pathologies as well as 

characterizing disease progression in clinical chronic obstructive pulmonary disorder 

(COPD), asthma, pulmonary oedema, acute respiratory distress syndrome, and pulmonary 

fibrosis (Garnett et al. 1977, Gattinoni et al. 2001, Mitsunobu et al. 2003, Boehm et al. 

2008, Akira et al. 2009).  In the clinic, physicians visually assess CT images by applying 

a grading system to quantify the severity of the disease, such as fibrosis, emphysema, and 

inflammation (Gamsu et al. 1995, Bankier et al. 1999, Ng et al. 1999).  These results are 

then correlated to clinical parameters and outcomes of lavage, pulmonary function tests, 

and/or pathology (Boehm et al. 2008).   

CT imaging has been used to quantify the degree of airway narrowing induced by 

inhalation of methacholine in normal and asthmatic subjects (Okazawa et al. 1996, 

Goldin et al. 1998, Brown et al. 2000).  The results visibly demonstrated that the 

distribution of attenuation values was shifted to higher densities during airway narrowing 

in intermediate sized airways (Okazawa et al. 1996, Goldin et al. 1998, Brown et al. 

2000).  CT scans of asthmatic patients show a greater increase in attenuation of CT lung 

density than controls and patients with stable asthma, with decreased and increased 

bronchial lumen area, excessive airway narrowing in response to a variety of stimuli and 

airway wall thickening, as well as mosaic perfusion and gas trapping on expiration 

(Mitsunobu et al., 2003 Jong et al. 2005).  Furthermore, increased attenuation in patients 

with an asthma exacerbation could be improved by systemic glucocorticoid therapy 

(Mitsunobu et al. 2003).  Additionally, the lowest 5-10% of the density histogram based 
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on HUs (-900 to -1000 HU) was discovered and used for automated evaluation of 

emphysema (Coxson et al. 2005, Boehm et al. 2008).   

1.4.2.2  Preclinical CT Densitometry Studies 

Non-invasive imaging has become a novel method where animal models are used 

for experimentation on respiratory disorders, thus aiding in “proof-of-principle” and 

efficacy studies (Poulsen and Simonsen 2006, Ask et al. 2008).  In addition to the 

anatomical assessment of the lungs, changes in lung density by repeated in vivo CT image 

acquisition can measure pulmonary disease progression and the severity of destruction in 

parenchyma tissue, inflammation, and fibrosis in rodent models (Froese et al. 2007, 

Labiris et al. 2008, Ask et al. 2008, Jobse et al. 2009, Jannasch et al. 2009, Whitty 2011).  

Jobse et al. demonstrated that an allergic airway model induced by exposure to HDM for 

a 7 to 10 day period in Brown Norway rats caused a significant increase in lung densities, 

depicted by a rightward shift on the HU scale to higher densities (Jobse et al. 2009).  

Johnson described a correlation between histology and CT results with shifts in density 

peaks of the histograms to authenticate the change from normal lung tissue to 

inflammation to fibrosis (Johnson 2007).  In addition, regional density measurements of 

the airways have been studied in a mouse model of asthma characterized by structural 

airway changes (Lederlin et al. 2010).  Froese et al. (2007) used a mouse model of 

emphysema to produce regions of increased attenuation.  Whitty created density 

distribution profiles of eosinophilic inflammation, neutrophilic inflammation, fibrosis, 

and airway remodelling in a mouse study using airway segmentation, which resulted in 
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defining HU regions of interest that differentiate between the different pathologies 

(Whitty 2011).      

1.5  CT Segmentation Methods  

The type of segmentation used for CT quantitative analysis depends on the part of 

the lung you are trying to assess, whether it be the entire lung, parenchyma, or large 

airways.  The different segmentation types are created using density thresholds to define 

the region of interest, producing a histogram that can be interpreted in many ways 

(Hangartner, 2007).  Using segmentation provides a consistent analysis method used to 

measure disease progression and regression based on density changes.  

Different segmentation protocols have been used for preclinical analysis in rat and 

mouse models of pulmonary disease, including thorax, lung, and airway segmentation.  

Lung segmentation was used by Froese et al. (2007) in a model of emphysema, while 

different studies in asthma have used thoracic segmentation (Jobse et al. 2009) and 

airway segmentation (Lederlin et al. 2010, Whitty 2011).  Studies of pulmonary fibrosis 

have used the thoracic segmentation method to assess and quantify lung damage by the 

disease in humans (Cavanaugh et al. 2006, Ask et al. 2008) and in rat models of asthma 

(Jobse et al. 2009).  The thoracic segmentation is a broad method and requires severe 

damage to the lung tissues to measure changes in disease (Whitty 2011), but is very 

useful in measuring changes in lung function in models of asthma by changes in tidal 

volume (Jobse et al. 2009).  Lung segmentation is ideal for measuring changes in the lung 

periphery seen in emphysema and other interstitial lung diseases.  Lung segmentation can 

be applied by using a semi-automated program that isolates the lung based on a specific 



MSc. Thesis – K. L. Lindsay; McMaster University – Medical Sciences 

35 

 

density range.  It is the least variable, most representative image of a lung, and provides 

better measurements of the average lung, slice density maps, and 3D volume maps, but is 

time consuming and requires an increase in user input and knowledge of lung anatomy 

(Froese et al. 2007, Jobse et al. 2009).  Thoracic segmentation includes more than the 

lung, such as the heart, diaphragm, and ribs.  It is a quick method requiring less user 

manipulation, can be used on low-quality CT images, and can measure volume changes in 

the lung (Cavanaugh et al. 2006, Ask et al. 2008, Jobse et al. 2009, Rodt et al. 2010).  

Airway segmentation is limited to the tissues surrounding the major airways, ideal for 

diseases such as asthma, where inflammation is more focused around the airways (Carroll 

et al. 2006, Artaechevarria et al. 2009). Airway segmentation is preferred in asthma 

models as peribronchial inflammation is a major identifier of this disease; therefore, it is a 

specific investigative tool to quantify asthma progression and regression (Whitty et al. 

2011).     

CT segmentation data are presented in histograms that express bin volumes as a 

percentage of the total volume.  This provides a means to quantify data and compare it at 

multiple time points within the study.  Changes from baseline measurements can also be 

used to assess the progression and regression of disease within the same animal over time.  

Segmentations supply data with better agreement within an experiment, as differences 

between animals, such as total volume or the baseline state of the lung are partially 

resolved, therefore producing longitudinal studies with a smaller sample size (Johnson 

2007, Froese et al. 2007, Jobse et al. 2009).   
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1.6  Purpose of the thesis 

 

The purpose of my thesis was to determine whether CT densitometry is sensitive to 

inflammatory changes mediated by budesonide in a rat model of allergic airway 

inflammation.  

1.7  Hypothesis 

An animal model of allergic airway inflammation will produce denser lung 

profiles compared to healthy controls due to the presence of inflammation caused by 

exposure to HDM.  Inflammation can be distinguished from controls based on CT 

densitometry and disease progression can be quantified using CT densitometry.   

The resolution of inflammation will occur with corticosteroid treatment using 

inhaled BUD.  Reductions in inflammation can be distinguished from HDM controls 

based on CT densitometry and disease resolution can be quantified using CT 

densitometry.  A dose and temporal response study of budesonide will demonstrate a 

reduction in inflammation proportional to the BUD dose. 

1.8  Specific Objectives 

 

The Objectives of this thesis are: 

1. To determine the intra-subject variability of CT densitometry within the 

thoracic, lung, and airway segmentations. 

2. To investigate the use of CT imaging to further understand how allergic 

inflammation is associated with allergen exposure. To achieve this, it will be 

determined if CT densitometry can detect the impact of corticosteroid therapy 
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on established inflammation as a standard for other novel intervention 

strategies.  The densitometry data will be compared to the traditional method of 

evaluation, histology and BAL cytology.   
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CHAPTER 2  

2   MATERIALS AND METHODS 

 

2.1  Animals 

Female Brown Norway (BN) rats, approximately 6 to 8 weeks old weighing 80-100 

g, were purchased from Charles River Laboratories (n=180, strain BN/Crl, Saint-

Constant, QC, Canada) and Harlan Global Headquarters (n=56, strain BN/SsNHsd, 

Indianapolis, IN, USA).  They were housed in microisolator cages (two rats per cage) 

with Harlan Corncob bedding ⅛ inch thick (Harlan Laboratories Inc., Indianapolis, IN, 

USA) in a Level 2 biohazard clean room at the Central Animal Facility (McMaster 

University, Hamilton, ON, Canada).  The animal room was maintained at 25°C with a 

daily 12 hour light-dark cycle.  The animals had ad libitum access to food and water.  The 

animals were acclimatized to housing conditions for one week prior to experimentation.  

All experiments were approved by the Animal Research Ethics Board of McMaster 

University (Hamilton, ON, Canada) and were conducted in accordance with the Canadian 

Council on Animal Care guidelines (Ottawa, ON, Canada). 

2.2  Allergen and Drug Preparations 

 

2.2.1  House dust mite (HDM) Suspension 

The HDM allergen extract, Dermatophagoides pteronyssinus, (Greer Laboratories, 

Lenoir, NC, USA) was suspended in sterile saline to produce doses of 150 or 250 µg per 

100 µL of saline, based on the protein content of HDM.  The suspension was prepared in 

advance and aliquots kept at -80°C until needed.  Sterile saline was used as the vehicle 

control and also kept at -80°C until needed.   
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2.2.2  Budesonide (BUD) Suspension 

Budesonide was prepared according to the following method (C. Hjelm, 

AstraZeneca R&D Lund, Sodertalje, Sweden).  A vehicle stock solution was prepared by 

combining sodium chloride (NaCl, 4.25 g, Bioshop Canada Inc., Burlington, ON, 

Canada), ethylenediaminetetracetic acid  disodium dihydrate (EDTA, 50 mg, EM 

Industries Inc., Gibbstown, NJ, USA), anhydrous citric acid (75mg, Sigma-Aldrich, 

Steinheim, Germany), and sodium citrate dihydrate (250 mg, EM Chemical Inc., 

Gibbstown, NJ, USA) in sterile deionized water (100 ml, Millipore, Billerica, MA, USA).  

A polysorbate solution was prepared by adding polysorbate-80 (100 mg, Sigma-Aldrich, 

St. Louis, MO, USA) to sterile deionized water (50 mL).  Budesonide (60 mg, Sigma-

Aldrich, Oakville, ON, Canada) was dispersed in 5 mL of the polysorbate solution and 

then added to 10mL of the vehicle stock solution and 35 mL of sterile deionized water.  

Budesonide was diluted to concentrations of 10, 100, and 300 µg/kg.  The budesonide 

vehicle control was produced by adding 10 mL of vehicle stock, 5 mL of the polysorbate 

solutions to 35 mL of sterile deionized water.  All mixtures were stored at 4-8°C and 

protected from the light with aluminum foil until needed. 

2.3  Development of the Allergic Airway Inflammatory Model 

 

2.3.1  Dose and Temporal Response of  HDM  

A dose and temporal response to HDM were determined in 24 female BN rats 

(Table 1).  Four groups were studied: 
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Table 1.  Inflammatory Phase: HDM Dose and Temporal Response Experimental 

Groups.  Note: Day10 = 5 HDM exposures; Day16 = 8 HDM exposures. 

Group n Exposures 
Endpoint      

(# animals) 
Inflammatory Phase 

Naive 4 
Animals left untouched and not imaged.  Animals 

used for biological data only. 
Day10 (4) 

VehHDM 4 
100 µL of sterile saline every other day for 5 doses.  

Animals used for biological data only. 
Day10 (4) 

HDM150 8 
HDM 150 µg in 100 mL every other day for 5 doses 

and 8 doses. 

Day10 (4)    

Day16 (4) 

HDM250 8 
HDM 250 µg in 100 mL every other day for 5 doses 

and 8 doses. 

Day10 (4)    

Day16 (4) 

 

Animals were anaesthetized using 1.5% isoflurane (Baxter Corporation, 

Mississauga, ON, Canada) and 2.0L/minute oxygen (VitalAire Canada Inc., Mississauga, 

ON, Canada) while HDM or the vehicle control was delivered intratracheally (IT).  IT 

delivery was performed by fastening the animals by their front teeth on an in-house built 

intubation platform at 35° angle from horizontal plane.  Forceps were used to move the 

tongue in order to expose the trachea.  Using a laryngoscope (Welch Allyn, Skaneateles 

Falls, NY, USA), the trachea was visualized and a 25⅝ gauge needle (Becton Dickinson 

and Company, Franklin Lakes, NJ, USA) fitted to 3.5 cm PE20 polyethylene endotracheal 

tubing (0.38 mm inner and 1.09 mm outer diameter and 15 mm in length; Becton 

Dickinson and Co., Sparks, MD, USA) was inserted in the trachea.  HDM or the vehicle 

control (100 µL) was then instilled IT through the endotracheal tube.  
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Prior to receiving HDM, a baseline CT was acquired for the HDM150 µg (n=4) and 

HDM250 µg (n=4) groups.  CT scans were performed 24 hours post the fifth dose (Day 10) 

and a subset of animals (n=4 per group including naïve) were sacrificed to obtain BAL 

and histological data.  The remaining animals received an additional three doses of HDM 

delivered every-other-day for a total of eight doses.  CT scans were performed on the 

HDM150 µg (n=4) and HDM250 µg (n=4) groups 24 hours post the eight doses (Day16) and 

all animals were sacrificed.  BAL and histological samples were acquired (Figure 2).  

Figure 2. Inflammatory Phase: Allergic Airway Inflammatory Model in Female BN 

Rats.  A baseline CT scan was acquired prior to exposure in the HDM groups.  HDM or 

the vehicle control was delivered every other day for 5 doses.  On Day10, CT scans were 

acquired for HDM groups and a subset of animals was sacrificed including vehicle 

controls and naïve for BAL and histological data.  An additional 3 doses of HDM or the 

vehicle control were delivered every-other-day followed by CT acquisition of HDM 

groups on Day16.  All remaining animals were sacrificed and BAL and histological data 

were collected.  

 

2.4  Budesonide Dose and Temporal Response Study 

Allergic airway disease was induced using the method outlined in section 2.3.1 

using five doses of HDM 250 µg or the vehicle control in 56 female BN rats in eight 

experimental groups (inflammatory phase).  A BUD dose and temporal response study 
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was performed using BUD 0, 10, 100, and 300 µg/kg administered concurrently with 

HDM for three and six treatments (treatment phase) (Table 2, Figure 3).   

Table 2.  Treatment Phase: Budesonide Dose and Temporal Response Experimental 

Groups.  Note: Day16 = 3 treatments BUD; Day22 = 6 treatments BUD 

Group n Exposures 
Endpoint      

(# animals) 
Inflammatory Phase 

VehHDM alone 4 100 mL saline every other day for 5 doses  Day10 

HDM alone 4 
HDM 250 µg in 100 mL every other day for 5 

doses  
Day10 

     

Treatment Phase 

HDM+VehBUD 8 
100 µL vehicle BUD every other day for 3 or 6 

treatments delivered 1 hour post HDM exposure    

Day16 (4)    

Day22 (4) 

HDM+BUD10 8 

BUD 10 µg/kg (100 mL) every other day for 3 

or 6 treatments delivered 1 hour post HDM 

exposure    

Day16 (4)    

Day22 (4) 

HDM+BUD100 8 

BUD 100 µg/kg (100 mL) every other day for 3 

or 6 treatments delivered 1 hour post HDM 

exposure    

Day16 (4)    

Day22 (4) 

HDM+BUD300 8 

BUD 300 µg/kg (100 mL) every other day for 3 

or 6 treatments delivered 1 hour post HDM 

exposure    

Day16 (4)    

Day22 (4) 

VehHDM+VehBUD 8 

100 µL vehicle BUD every other day for 3 or 6 

treatments delivered 1 hour post HDM vehicle 

control exposure 

Day16 (4)    

Day22 (4) 

VehHDM+BUD300 8 

BUD 300 µg/kg (100 mL) every other day for 3 

or 6 treatments delivered 1 hour post HDM 

vehicle control exposure  

Day16 (4)    

Day22 (4) 

 

Following the five doses of HDM or the vehicle control, 100 µL of BUD (0, 10, 

100, or 300 µg/kg) were administered IT 1 hour post HDM exposure, in the same every 

other day sequence, for a total of six doses.  CT scans were performed at baseline (n=4 

per group), during the inflammatory phase (n=4 per group), and 24 hours after three (n=4 
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per treatment group) and six doses (n=4 per treatment group) of BUD (Figure 3).  The 

animals from the HDM (n=4) and vehicle alone (n=4) groups were sacrificed 24 hours 

post CT scan concluding the inflammatory phase.  A subset of animals were sacrificed 24 

hours after three (n=4 per treatment group) and six doses (n=4 per treatment group) of 

BUD.  BAL and histological samples were acquired from all animals.    

 

Figure 3. Treatment Phase: Budesonide Dose and Temporal Response Study.  A 

baseline CT scan was acquired prior to HDM or vehicle control exposures.  HDM or the 

vehicle control was delivered every other day for 5 doses.  On Day10, CT scans were 

acquired from each group and HDM and vehicle alone groups were sacrificed for BAL 

and histological data.  BUD dose response of 0, 10, 100, and 300 µg/kg concentrations 

were delivered every other day for 3 and 6 doses, 1 hour post exposure to HDM.  On 

Day16 and Day 22; CT scans, BAL, and histological data were collected. 

 

2.5  CT Acquisition and Image Reconstruction 

CT images of the lung were acquired using two rotations of 1024 projections each 

at a voltage of 75 kVp and a current of 220 µA on an SPECT/CT (X-SPECT, Gamma 

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

Translational Imaging.  Animals were freely breathing under 1.5% isoflurane and 2.0 

L/minute oxygen in HEPA-filter rat holding tubes used to remove smaller airborne 

particles.  Data collected were then reconstructed using a Feldkamp cone beam back 

projection algorithm into a 512x512x512 matrix (0.115mm isotropic voxels).  CT units 
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were converted to Hounsfield Units (HU) (Hounsfield, 1973) using a water tube as a 

standard for water (0 HU) and air (-1000HU).   Data from the summed images were used 

in the analysis of the CT images.  The absorbed radiation dose per CT was estimated to be 

166 mGy (Jobse et al. 2009).   

2.6  CT Densitometry Validation Study 

A validation study was performed to determine the intra-subject variability in CT 

densitometry and establish the variability of the three different segmentation methods: 

thoracic, lung, and airway segmentations as outlined below (Section 2.6.1 to 2.6.3).  CT 

images were acquired in three female BN rats daily for 3 days, at the same time of day, 

using the method outlined in section 2.5.  

2.6.1  Thoracic Segmentation  

Thoracic segmentation is a manual sampling method for tissue densities in a 

defined thoracic cavity region of interest (ROI) which includes the lungs, heart, ribs, and 

diaphragm.  The segmentation was performed by identifying three anatomical landmarks: 

the first rib, mediastinum, and full view of the diaphragm.  The thoracic cavity was 

segmented by interpolating between these three points using Amira 5.2.1 software 

(Visage Imaging, Andover, MA, USA) with a Gaussian 3D filter, sigma value of 0.9, and 

kernel value of 4.  It is important to note that non-lung tissues in the thorax region, for 

instance the heart, the ribs, and the diaphragm, were included in this analysis (Appendix 

I-9.1, Figure 24).   
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2.6.2  Lung Segmentation  

Lung segmentation is a semi-automatic sampling method for assessing tissue 

densities in the whole lung and eliminates the other components of the thoracic cavity, 

such as the ribs, heart, and diaphragm.  The lung was segmented using a density threshold 

of -1000 to -100HU.  If necessary, manual alterations were performed to include all lung 

regions by growing and filling in the lungs as described by Jobse and colleagues, using 

Amira 5.2.1 software with a Gaussian 3D filter, sigma value of 0.9, and kernel value of 4 

(Jobse et al. 2009).  This lung segmentation included blood vessels and small volumes of 

tissue immediately surrounding the lung, but excluded the heart, ribs, and diaphragm 

(Appendix I-9.1, Figure 25).   

2.6.3 Large Airway Segmentation   

Airway segmentation is a manual sampling method for tissue densities in a defined 

ROI surrounding the large airways.  The segmentation started at approximately the 

seventh rib, the major bronchial trifurcation in the right lung, where a peribronchial ROI, 

with a diameter of roughly 3.5 mm, was centred on the lumen of the descending bronchi 

in both lungs using a segmentation length of approximately 6.9 mm (61 slices).  

Segmentation used Amira 5.2.1 software with a Gaussian 3D filter, sigma value of 0.9, 

and kernel value of 4.  This airway segmentation included any blood vessels and smaller 

airways within the 3.5 mm x 6.9 mm ROI cylinder (Figure 4). 
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Figure 4. Large Airway Segmentation.  The blue regions illustrate the location and 

relative size of the segmentation. a) 3D representation and b) cross-sectional slice. 

 

2.7  CT Densitometry  

Thoracic, lung, and airway segmentations were each applied to the CT images as 

described in section 2.6.  For the segmentations, the frequency of voxels in the density 

interval of -1025 and 250 HU was determined.  The density interval was divided into 26 

bins of 49.04 HU each.  Densities were plotted as a percentage of total segmented voxels 

for lung and airway segmentation (Figure 5a).  For thoracic segmentation, air volumes 

were calculated by determining the air volume in each bin based on the HU value (e.g. -

500HU ≈ 50% air) and densities plotted as a percentage of total air in the segmented 

region (Jobse et al. 2009).    

CT results will be presented in this thesis using airway segmentation.  This 

segmentation best suited the study since the allergic airway inflammatory model 

presented increased CT densities by inflammatory processes and was localized 

a) b) 
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peribronchially, i.e around the major airways of the lungs.  To quantify peribronchial 

density changes, cumulative density distributions were produced for each animal at 

baseline from the airway segmentation to identify the density at which 90% of the volume 

is represented (Figure 5b).  This is similar to the methods used to identify emphysema, 

where a decrease in tissue (increase in air volume) lowers the lung density, and 

emphysema is defined as the lowest 5-10% in density histograms (-900 to -1000 HU) 

(Coxson et al. 2005, Boehm et al. 2008).  The average of all baseline density values at 

90% was then used to analyse all further time points within the experiments.  The density 

threshold was identified to be -100 HU; the assumption was that densities above -100 HU 

represent inflammatory processes (Figure 5c).  To control for the inter-subject variability 

at baseline, data were analyzed as percent change from baseline (Figure 5d).  The mean 

percent voxels above the density threshold (-100 HU) was calculated per experimental 

group.   

 

a) b) 
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Figure 5.  Airway Segmentation CT Densitometry Analysis.  a) Representative large 

airway segmentation density histogram from a control rat, b) Cumulative density 

distributions from baseline CT scans were used to identify the density which 90% of the 

voxels fell below.  A density of -100 HU was measured, c) Representative histogram 

where the blue box is the 90% density threshold being measured.  Percent voxels was 

calculated above this threshold, and  d) Representative percent change from baseline (BL) 

demonstrating the changes in density from one time point to another.   

 

2.8  Total and Differential Cell Counts in Bronchoalveolar Lavage (BAL) 

Animals were euthanized by exsanguination 24 hours post final exposure to 

treatment.  BAL was performed IT using two washes of 1.5 mL of phosphate buffered 

saline (PBS) with a 25⅝ gauge needle attached to approximately 4.5 cm of Butterfly-19 

tubing (Venisystems, Lake Forest, IL, USA).   Approximately 1.0-1.5 mL of BAL fluid 

c) 

d) 
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was recovered and kept on ice.  Total cell counts (TCC) were determined by a 

hemocytometer (Bright-Line, Horsham, USA) with a 6:1 Turk (Ricca Chemical 

Company, Arlington, TX, USA) to BAL ratio.  BAL fluid was then centrifuged at 

15,000g for 2 min (Hermle model Z233M, Germany), and the supernatant was extracted 

and stored at -20°C.  The cell pellet was resuspended in 1000 µL of PBS and slides were 

prepared by centrifugation in a Shandon Cytospin3 (Shandon Inc., Pittsburgh, USA) 

using 100 µL of final resuspended cells and spun for 3 min at 300 rpm.  Slides were 

stained using Hema3 (Fisher Scientific Co., Kalamazoo, MI, USA) to distinguish 

differential cell types present.  Differential cell counts (DCC) were acquired by randomly 

counting 500 cells from the BAL using an Olympus CX41 microscope (Markham, ON, 

Canada).  Eosinophils were measured as a percent of the total cells from the BAL.  

2.9  Histology 

2.9.1 Tissue Collection  

Lungs were removed from the thoracic cavity and inflated with 10% formalin at a 

pressure of 30 cmH2O.  Lungs were stored in 10% formalin for a minimum of 24 hours 

before histology preparation.  Histology was taken from the left lung as it clearly 

followed the major airway.  It was cut using a sterile stainless steel surgical blade 

(Magna, Montreal, Canada) into four sections and dehydrated in 50% ethanol for 10 min 

then placed in 75% ethanol.  The lungs were embedded in paraffin and sectioned (3 µm 

thick) using a RM2255 microtome (Leica, Richmond Hill, ON, Canada) and stained with 

Hematoxylin and Eosin (H&E) (Fisher Scientific Co., Kalamazoo, MI, USA).   
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2.9.2 Quantitative Histology 

Quantitative analysis of peribronchial inflammation was performed on airway 

histology slices.  The appropriate histological ROI was determined by first measuring the 

CT airway segmentation diameter and airway lumen diameter (n=24) to calculate the 

mean distance from the outer segment boundary to the lumen wall.  This measure was 

then multiplied by the CT voxel size (0.115 mm) to determine the ROI (2240 µm).  In 

order to apply to histological images, the CT ROI was converted to pixels by dividing the 

ROI in voxels by pixel size (1 pixel = 6.1 µm) to obtain an area of interest of 183.6 µm
2
.  

This ROI was applied the large airway in each histological image. 

Histology pictures were taken using OpenLab software version 5.5.0 (Improvision, 

Guelph, ON, Canada) via a Leica camera and microscope (Leica Microsystems Wetzlar 

GmbH, Wetzlar, Germany) attached to a Macintosh computer (Mac OS X operating 

system, version 10.6.8).  Microscope settings were set to 1.6X magnification, light level 

of 8.8 V with the red setting at 49%, the green setting at 33%, and the blue setting at 48%.   

Additionally, the aperture was set to 2, the focuser was out, and all the filters were on.  

Pictures were taken for all four slices centering on the large airway.  Images were 

converted from RBG values to greyscale.  This was done by forming a weighted sum of 

the R, G, and B components using Matlab software version r2001b (MathWorks, Inc., 

USA).  Images were uploaded into Amira software where a brush size of 45 (183.6 µm
2
) 

traced around the large airway and was filled as described above (Figure 6a&b).  A 

intensity histogram was produced displaying the grey intensity per bin with an interval 

range of -251.5 units (white) to -3.5 (black) divided into 32 bins, 7.75 units in width.  
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From a cumulative intensity graph, the threshold at which 90% of the pixels were below 

was determined by the method described in section 2.6.1 and was found to be -187.5 units 

for control animals (Figure 6c).  

  

 

Figure 6.  Representative Airway Histology Analysis.  The blue shaded area represents 

the area of interest measured in a) An HDM animal and b) A VehHDM animal.  At 90% 

the grey intensity profile distribution from vehicle control, an intensity of -187.5 units 

was measured.  c) Representative percent intensity histogram where the blue box is the 

90% threshold being measured. 

 

 

a) b) 

 c) 
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2.10  Albumin Concentrations in BAL 

Since pulmonary oedema is commonly observed in allergic lung models, the 

albumin concentration in the BAL supernatant was measured using an ELSIA to study the 

effect of BUD in oedema.  

A rat albumin ELISA (ALPCO Diagnostics, Salem, NH, USA) was performed on 

supernatant from the BAL fluid of all BUD dose response animals and time points except 

for HDM+BUD10 and HDM+BUD100.  Samples (4 µL) were added to the plate wells and 

the specific anti-albumin antibody was added (100 µL), forming an albumin anti-albumin 

complex.  The plate was washed, removing the unbound sample proteins.  A second 

antibody, anti-albumin-HRP, was added (100 µL) and bound to the antibody-antigen 

complex.  The plate was again washed, removing excess unbound proteins.  A 

chromogenic substrate was added (100 µL) and the measurement of absorbance by the 

degree of colour change provided the results.  The absorbance at 450 nm was measured 

using an ELx800 Automated Microplate Reader (Bio-Tek Instruments, Inc., Winooski, 

VT, USA) and the total concentration in µg/mL was calculated from the standard curve. 

2.11  Statistical  Analysis 

 

The CT validation density thresholds for the individual segmentations were 

determined by the method described in section 2.7.  The 90% density threshold of -250 

HU was determined for the thoracic segmentation, and -100 HU for the lung and airway 

segmentations.  The CT variability of each segmentation method was measured by 
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averaging the standard deviations of the three CTs of each animal.  The results were 

expressed as x  ± standard deviation (SD) where x  was predefined as 2SD of the error.     

For the HDM dose and temporal response study, a two-tailed independent t-test was 

used to compare the HDM exposed animals to the vehicle control animals using 

GraphPad Prism version 5.0 for windows (GraphPad Software Inc., La Jolla, CA, USA).  

The BUD dose and temporal response results were analysed using a one-way ANOVA to 

assess if a significant difference existed between BUD doses.  A Tukey post-hoc was 

used to assess possible pair-wise comparisons of the data.  Additionally, a Dunnett post-

hoc was used to compare group means holding HDM+VehBUD as the reference group.  A 

two-tailed t-test was performed to determine temporal response of each BUD dose.  Data 

were expressed as mean ± standard error of the mean (SEM) and a statistical significance 

was determined at p<0.05.   



MSc. Thesis – K. L. Lindsay; McMaster University – Medical Sciences 

54 

 

CHAPTER 3 

3  RESULTS  

3.1  CT Validation Study 

The CT validation study was performed to determine the intra-subject variability of 

CT densitometry using three different segmentation methods: thoracic, lung, and airway. 

3.1.1  Thoracic Segmentation 

The intra-subject variability in CT density was slight with a measured error of 1.44 

± 0.70 associated with the thoracic segmentation method (Figure 7).  In addition to 

statistical significance being achieved, a minimal difference of 2.86 must be present for a 

change in density to be considered significant (Table 3).  

 

Figure 7. Representative Thoracic Cavity CT Density Distribution.  The CT thoracic 

segmentation analysis of three CT images 24 hours apart of the same animal.  Percent of 

total air was measured at each density bin within the segmentation volume.   HU: 

Hounsfield units.   
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3.1.2  Lung Segmentation 

 CT densitometry varied slightly within the same animal with a measured error of 

0.40 ± 0.09 associated with the lung segmentation method (Figure 8).  Thus, a minimal 

difference of 0.58 must be present for a change in density to be considered significant 

with this segmentation method (Table 3).  

 

Figure 8. Representative Lung CT Density Distribution.  The CT lung segmentation 

analysis of three CT images of the same animal taken 24 hours apart.  Percent of total 

voxels was measured at each density bin within the segmentation volume. HU: 

Hounsfield units.   

 

3.1.3  Airway Segmentation 

 The CT densitometry varied slightly with a measured error of 2.10 ± 1.86 

associated with the airway segmentation method (Figure 9).  A minimal difference of 

5.82 must be present for a change in density to be considered significant for this 

segmentation method (Table 3).  
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Figure 9.  Representative Airway CT Density Distribution.  The CT airway 

segmentation analysis of three CT images, 24 hours apart, of the same animal.  Percent of 

total voxels was measured at each density bin within the segmentation volume. HU: 

Hounsfield units.   

 

Table 3. Intra-Subject Variability in Thoracic, Lung, and Airway Segmentation CT 

Density Distributions.   

Thoracic Segmentation %Air > -250HU 

Rat # CT1 CT2 CT3 Mean SD   SD 

1 12.87 16.94 15.16 14.99 2.04 1.44 0.70 

2 9.91 12.86 12.52 11.76 1.61     

3  N/A 17.61 18.55 18.08 0.66     

Lung Segmentation %Voxels > -100HU 

Rat # CT1 CT2 CT3 Mean SD   SD 

1 14.54 15.45 14.64 14.88 0.50 0.40 0.09 

2 13.28 14.04 13.71 13.68 0.38     

3  N/A 15.39 14.94 15.16 0.32     

Airway Segmentation %Voxels > -100HU 

Rat # CT1 CT2 CT3 Mean SD   SD 

1 16.20 16.58 16.42 16.40 0.19 2.10 1.86 

2 21.49 17.64 21.41 20.18 2.20     

3  N/A 22.94 17.41 20.17 3.91     

 

x

x

x
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3.2 Development of an Allergic Inflammatory Model: Dose and Temporal 

Response to HDM   

3.2.1  Peribronchial CT Densitometry  

Exposure to HDM caused a significant rightward shift in the density distribution 

from 6.5±2.7% at baseline to 20.9±7.2% and 23.1±6.7% of the total peribronchial voxels 

above -100 HU after five and eight HDM doses, respectively, regardless of dosage (150 

and 250 µg) (p<0.05, Figure 10a&b).  No difference in the CT density distribution was 

found between HDM150 and HDM250 at five or eight doses, nor was there a difference 

within the dose groups (Appendix II-9.2.1, Figure 26). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. Comparative Peribronchial CT Density Distribution – Dose and 

Temporal Response to HDM a) HDM 150 µg and b) HDM 250 µg.  Mean data are 

shown. Blue box: Density threshold. HU: Hounsfield units.   

a) 

b) 
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3.2.2  BAL Total Cell Count and Percent Eosinophils 

HDM exposure induced a significantly higher TCC and percent eosinophils 

compared to the vehicle control and naïve groups after five and eight administrations 

(p<0.001, Figure 11a&b).  No differences in TCC and percent eosinophils were observed 

between the vehicle controls and naïve groups.  There were also no differences in TCC 

and percent eosinophils between HDM doses and the duration of exposure (Figure 

11a&b).   
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Figure 11.  BAL Total Cell Count and Percent Eosinophils in the Allergic Airway 

Inflammatory Model.  Samples were collected 24 hours after the final HDM exposure. 

a) TCC in the BAL and b) eosinophils expressed a percent of total cells from the BAL. 

Data are expressed as mean ± SEM.  ***p<0.001 (vs. HDM groups), by a one-way 

ANOVA with a Tukey post-hoc test. Veh = vehicle control. 

 

3.2.3  Histology  

Inflammation was present around the major airways after five and eight doses for 

both HDM 150 and 250 µg compared to the vehicle control and naïve groups (Figure 12).  

Quantification of the peribronchial inflammation showed a significant increase in 

inflammation after five administrations of HDM150 (33.51±3.41%) and HDM250 

(41.14.22±6.34%) compared to the vehicle (19.12±2.25%) and naïve (14.48±1.17%) 

groups (p<0.05, Figure 13).  There was no difference in peribronchial inflammation 

b) 

5 Doses 8 Doses 

*** 
*** 
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between HDM150 and HDM250 after either five or eight doses, nor was there a difference 

within a dose group (Figure 13).   

 
Figure 12. Representative Lung Sections from the Allergic Airway Inflammatory 

Model.  a) Naïve, b) Vehicle control after five doses, c) HDM 150 µg after five doses, d) 

HDM 150 µg after eight doses, e) HDM 250 µg after five doses, and f) HDM 250 µg after 

eight doses. 

 

e) 

a) b) 

f) 

c) d) 
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Figure 13. Quantitative Histological Analysis of Peribronchial Inflammation.  Data 

are expressed as mean ± SEM.  *p<0.05 and **p<0.01 (vs. HDM150 and HDM250 at 5 and 

8 doses) by a one-way ANOVA with a Tukey post-hoc test.  Intensity threshold defined 

as grey intensity at which 90% of the area is below. 

 

Based on the CT, BAL, and histological findings, the inflammatory phase of all 

subsequent experiments used five doses of HDM 250 µg every other day.  Typically, 

HDM 150 µg would be selected, but the HDM concentration of 250 µg was chosen to 

ensure a robust inflammatory response since previous studies have shown variable 

responses with a lower dose (Jobse et al. 2009). 

 

 

 

 

5 Doses 8 Doses 
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3.3  Dose and Temporal Response to Budesonide   

3.3.1  Allergic Inflammatory Phase  

3.3.1.1  CT Densitometry  

The combined CT densitometry profiles of the inflammatory phase from the HDM 

and BUD dose response studies showed a significant increase in the percent voxels above 

the -100 HU density threshold of 19.65±1.37% from baseline after HDM exposure 

compared to 5.47±2.23% in the vehicle controls (p<0.001, Figure 14a&b).  
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Figure 14. Change from Baseline (BL) in Peribronchial CT Density Distribution.  a) 

Comparative change from baseline histogram after five doses of HDM 250 µg and b) 

Change from baseline of the percent voxels above the density threshold of -100 HU. Data 

are expressed as mean ± SEM. ***p<0.001, by a two-tailed independent t-test. Blue box: 

Density threshold. HU:  Hounsfield units.   

a) 

b) 

*** 
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3.3.1.2    BAL Total and Differential Cell Counts – Inflammatory Phase 

Animals exposed to HDM 250 µg had significantly greater total cell counts with a 

significantly higher percent eosinophils compared to the vehicle control after five 

exposures (p<0.001, Figure 15a&b).   
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Figure 15. BAL Total Cell Count and Percent Eosinophils in an Allergic Airway 

Inflammatory Model.  a) TCC and b) Eosinophils expressed a percent of total cells. 

Data are expressed as mean ± SEM. ***p<0.001, by a two-tailed independent t-test. 

 

3.3.1.3 Histology  

Inflammation was present around the major airways post five doses of HDM 250 

µg compared to the vehicle control (Figure 16).  There was a significant difference in the 

percent intensity around the major airways between HDM animals and vehicle controls 

(24.22± 2.72% vs. 11.35±0.96%, p<0.001) (Figure 17).  

b) a) 

*** 
*** 
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Figure 16. Representative Lung Sections from the Allergic Airway Inflammatory 

Model.  a) Vehicle control and b) after five doses of HDM 250 µg. 
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Figure 17. Quantitative Histological Analysis of Peribronchial Inflammation.  

Histology images acquired in the vehicle control, and after five doses of HDM 250 µg.  

Data expressed as mean ± SEM. ***p<0.001, by a two-tailed independent t-test.  

Intensity threshold defined as grey intensity at which 90% of area is below. 
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3.3.2   Dose Response Effect of Budesonide on HDM Induced Airway Inflammation 

3.3.2.1   Representative CT Images 

At baseline, there was little to no presence of higher tissue densities (>-100 HU) 

around the major airways.  After five exposures of HDM 250 µg, an increase in 

peribronchial density was observed.  With the administration of BUD300, a decrease in 

density around the airways was seen in HDM exposed animals (Figure 18).  

 

Figure 18.  Representative Axial CT Slices.  Baseline (BL), Day10 after five HDM 

doses, after three doses of BUD 300 µg/kg (Day16), and after six doses of BUD 300 

µg/kg (Day22).  Blue shades denote values between -100 HU and -200 HU while red 

shades denote values >-100 HU.   
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3.3.2.2 CT Densitometry – Effect of Budesonide on Peribronchial Density 

After three doses of 10 µg/kg BUD, no significant change in peribronchial density 

was observed compared to HDM+VehBUD.  After three treatments of BUD 100 and 300 

µg/kg, a significant reduction in density compared to HDM+VehBUD was noted, with 

densities returning to baseline levels (p<0.05, Figure 19a&c).  There were no statistical 

differences between the BUD doses after three administrations, although a trend for a 

reduction in density relative to BUD dose was observed (Figure 19a&c).  After six doses 

of BUD 10, 100, and 300 µg/kg, peribronchial densities returned to baseline levels for all 

BUD dosages compared to HDM+VehBUD (p<0.01, Figure 19b&d).  Again, there was no 

statistical difference between the BUD doses after six administrations.  No significant 

difference was observed within the BUD dose groups between three and six 

administrations (Appendix II-9.3.1, Figure 27).  Peribronchial density was significantly 

less in VehHDM+BUD and VehHDM+VehBUD compared to HDM+VehBUD throughout the 

treatment phase (p<0.05). 

 

a) 
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Figure 19. Change from Baseline in Peribronchial CT Density with Budesonide 

Treatment.  a) After three doses BUD and b) after six doses BUD.  Change from 

baseline of the percent voxels above the density threshold of -100 HU. c) After three 

doses BUD and d) after six doses BUD. Data are expressed as mean ± SEM. *p<0.05, 

**p<0.01, and ***p<0.001 (vs. VehBUD) by a one-way ANOVA with a Dunnett post-hoc 

test. Blue box: Density threshold. HU:  Hounsfield units.   

 

 

 

b) 
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3.3.2.3 BAL Total Cell Count and Percent Eosinophils 

No significant difference in TCC between the BUD treated groups and 

HDM+VehBUD were observed after three doses of BUD (Figure 20a).  The VehHDM+BUD 

and VehHDM+VehBUD had significantly lower TCC compared to HDM+VehBUD and 

HDM+BUD300 (p<0.05).  Additionally, there were no statistical differences between the 

BUD concentrations after three administrations.  After six administrations, BUD 100 and 

300 µg/kg led to significantly lower TCC compared to HDM+VehBUD (p<0.05, Figure 

20b).  The VehHDM+BUD and VehHDM+VehBUD groups had significantly lower TCC 

compared all treatment groups (p<0.001).  No statistical differences were observed 

between the treatment concentrations after six BUD administrations.  In the BUD 10 

µg/kg group, TCC significantly increased from three to six treatments, while the 

remaining BUD groups showed no significant effect of treatment duration (p<0.05, 

Appendix II-9.3.2, Figure 28). 

No significant differences were observed in percent eosinophils between 

HDM+VehBUD and all BUD doses after three doses (Figure 20c).  Additionally, there 

were no statistical differences between BUD doses after three administrations.  After six 

doses of BUD, only BUD 10 and 100 µg/kg induced a significant decrease in the percent 

eosinophils compared to HDM+VehBUD (p<0.05, Figure 20d).  Again, there were no 

statistical differences between dosages after six BUD administrations.  BUD 10 µg/kg did 

significantly decrease the percent eosinophils between three and six doses, while the 

remaining groups showed no significant difference (p<0.05, Appendix II-9.3.2, Figure 

29). 
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Figure 20. BAL Total Cell Counts and Percent Eosinophils with Budesonide 

Treatment.  TCC in BAL a) After three BUD doses and b) after six BUD doses. 

Eosinophils expressed a percent of total cells from the BAL c) After three BUD doses and 

d) after six BUD doses.  Data are expressed as mean ± SEM. *p<0.05 and ***p<0.001 

(vs. VehBUD) by a one-way ANOVA with a Dunnett post-hoc test.  +p<0.05 and 

+++p<0.001 (vs. VehHDM+VehBUD) by a one-way ANOVA with a Tukey post-hoc test. 
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3.3.2.4 Histology  

After three and six administrations of BUD, inflammation was reduced around the 

major airways compared to HDM+VehBUD (Figure. 21).  Quantitative analysis showed the 

degree of inflammation within the region of interest (ROI) around the major airways 

significantly decreased after three treatments of BUD 300 μg/kg (13.41±1.99%) 

compared to the HDM+VehBUD group (23.48±3.13%, p<0.01).  No significant change in 

inflammation within the ROI was observed in the 10 μg/kg and 100 μg/kg BUD groups.  

Furthermore, there was no dose response observed after three administrations of BUD 

(Figure 22a).  After six doses of BUD 100μg/kg (10.69±0.59%) and 300 μg/kg 

(12.26±1.66%), a significant decrease in inflammation was observed within the ROI 

compared to the HDM+VehBUD (23.27±4.28%) (p<0.05, Figure 22b).  No significant 

change in inflammation was seen in the BUD 10μg/kg group.  Again, no dose response 

was observed after six BUD administrations.  The VehHDM+BUD and VehHDM+VehBUD 

were significantly different from HDM+VehBUD throughout the treatment phase 

(p<0.001).  A temporal response was only observed in the HDM+BUD100 group.  The 

remaining groups, HDM+VehBUD, HDM+BUD10, and HDM+BUD300, showed no 

significant differences between three and six administrations (Appendix II-9.3.3, Figure 

30). 
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Figure 21. Representative Histological Lungs Slices of Budesonide 10, 100, 300 µg/kg 

Treated Animals in an Allergic Airway Model. After three (3Tx) and six (6Tx) 

administrations. 
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Figure 22. Quantitative Histological Analysis of Peribronchial Inflammation.  
Inflammation measured as percent of total area of interest above the grey intensity 

threshold of -187 HU.  a) After three doses BUD and b) after six doses BUD.  Data are 

expressed as mean ± SEM.  *p<0.05, **p<0.01, and ***p<0.001   (vs. VehBUD) by a one-

way ANOVA with a Dunnett post-hoc test. 

 

3.4 BAL Albumin Concentration  

A significantly higher concentration of albumin was found in the BAL supernatant 

of animals exposed to five doses of HDM 250 µg compared to naive and the vehicle 

control animals (p<0.05, Figure 23a).  After six doses of BUD 300 µg/kg, a significant 

decrease in the BAL albumin concentration was observed (p<0.001).  Interestingly, the 

control group (VehHDM+VehBUD) showed no difference in albumin concentration 

compared to HDM+VehBUD and had a significantly higher concentration of albumin 

compared to HDM+BUD300 (p<0.05, Figure 23b). 

a) b) 3Tx 6Tx 
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Figure 23. Albumin Concentration in BAL fluid.  a) After five doses HDM and b) 

after six doses of BUD. Data are expressed as mean ± SEM.  **p<0.01 and ***p<0.001 

(vs. VehBUD) by a one-way ANOVA with a Dunnett post-hoc test. +p<0.05 by a one-way 

ANOVA with a Tukey post-hoc test. 

Inflammatory Phase 

Treatment Phase  

+ 

a) 

b) 
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CHAPTER 4 

 4   DISCUSSION  

The objectives of this study were to investigate the use of CT imaging to further 

understand how allergic events lead to asthma, in particular airway inflammation, and to 

determine if CT densitometry can detect the impact of corticosteroid therapy on 

established inflammation, as a standard for novel intervention strategies. This was 

accomplished by evaluating peribronchial changes in the progression and regression of 

inflammation in a rat model of allergic airway disease.  

The CT validation study evaluated the intra-subject variability in CT densities of 

the three different segmentation methods.  We showed that lung segmentation had the 

lowest intra-subject variability followed by the thoracic and airway segmentations.  This 

error measured was applied when analyzing peribronchial density changes to determine 

whether the changes were due to the effects of the treatment and not a result of variability 

in the segmentation method.  The CT validation study demonstrated that the three 

different segmentation methods were reproducible.  Thoracic segmentation is beneficial 

for measuring lung volume and tidal volumes.  It included tissues such as the heart and 

ribs in the analysis, but required regular user manipulation and was time efficient (~10 

min).  The thoracic segmentation had an intra-subject variability of 2.86%.  Lung 

segmentation is the best representative segmentation type for measuring pulmonary 

diseases and the most concise method in measuring the lung with the lowest intra-subject 

variability of 0.58% and user manipulation.  However, it took the longest to perform (~15 

min).  Airway segmentation provided large airway density profiles important for studying 
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airway pathologies such as inflammation, was the most time efficient (~5 min), but 

required a large amount of user manipulation and had the largest intra-subject variability 

at 5.82%. The ability to perform these different segmentations is important as they can 

provide whole lung and airway analysis and lung volumes as a standardized investigative 

tools used for CT analysis (Jobse et al. 2009).  

In the allergic inflammatory model, CT was sensitive for the detection of 

inflammation around the major airways depicted by an increase in density values around  

-100 HU or greater.  The biological data confirmed these findings as total cell counts, 

eosinophils, and inflammation by quantitative histology measurements had increased.  

Furthermore, a dose and temporal response to steroid therapy with budesonide was 

observed with CT densitometry, suggesting that CT was sensitive in detecting the 

reduction in inflammation proportional to budesonide concentration and the duration of 

treatment as the density profiles returned to a state similar to baseline.  Histology 

confirmed a dose and treatment duration dependency of budesonide, since a significant 

reduction in grey intensity (e.g. inflammation) around the major airways was observed.  

However, BAL TCC and eosinophils did not mimic these results.          

CT has been employed in several animal models of lung disease, but there is limited 

concurrence in the segmentation methods used to quantify the data.  Different research 

groups have created automated programs clinically for patients with emphysema (Boehm 

et al. 2008), preclinically using porcine lungs (Carroll et al. 2006), and mouse models of 

emphysema and asthma (Artaechevarria et al. 2009, Lederlin et al. 2010) to segment the 

airways.  In addition, user-dependent clinical lung segmentations have been created in 
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emphysematous patients (Cavigli et al. 2009) and preclinically in rat models of asthma 

(Jobse et al. 2009).  There are methodological discrepancies that can be reduced by 

employing standard user-dependent segmentation techniques, thus allowing better study 

comparisons (Jobse et al. 2009).  This user-based thoracic, lung and airway segmentation 

method are suited for quantification of different lung diseases.    

Traditionally, invasive outcome measures have been used to study allergic airway 

disease and effect of therapy.  Serial sacrifice is most common amongst researchers to 

measure fundamental biological information of the inflammatory response to allergen 

exposure in in vivo rat and mice models of allergic airway disease (Singh et al. 2002, 

Johnson et al. 2004, Ahn et al. 2007, Werner-Klein et al. 2008, Turi et al. 2010, Botelho 

et al. 2011, etc.), but limited use of imaging techniques, such as the CT, has been used for 

analysis and quantification of the disease.  In the inflammatory phase of our model, CT 

densitometry revealed an influx in peribronchial inflammation with the increase in 

density values above the 90% density threshold; the assumption is that changes in density 

above -100 HU represent the inflammatory processes.  The 250 µg concentration of HDM 

allergen delivered in five doses every other day significantly increased the density 

distributions, shifting the histogram curve to the right, independent of the dosage and 

number of HDM administrations.  Jobse et al., using a similar model, found comparable 

results using HDM 150 µg delivered IT for 7 and 10 exposures using both a lung and 

thoracic segmentation method.  BAL cytology confirmed these findings, as they showed 

robust and statistically significant eosinophilic inflammation and increased TCC in HDM 

exposed animals compared to controls.  After sensitization to HDM, Brown Norway rats 
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have been shown to develop an immediate airway response to HDM challenge compared 

to controls with an increase in BAL eosinophils after two IT exposures to HDM 10 µg 

(Singh et al. 2002).  Additionally, mouse models of allergen exposure to HDM express 

sustained airway eosinophilic inflammation in the BAL (Johnson et al. 2004).   

Visually, an increase in inflammatory cells was observed histologically in the HDM 

exposed animals compared to controls. Quantitative histology confirmed lung 

inflammation as the HE-stained sections from animals exposed to 250 μg HDM had 

significantly greater percent grey intensity depicted as an influx in inflammatory cells 

around the major airways compared to vehicle controls.  Similar results showed severe 

inflammatory lesions after HDM exposure with an increase in inflammatory cells around 

blood vessels, as well as the major and peripheral airways (Singh et al. 2002, Jobse et al. 

2009).  Taylor et al. demonstrated that antigen challenge of sensitized BN rats results in 

loosely packed fibrous tissue, an influx of inflammatory cells, and thickened alveolar 

walls which was evidence of injury due to leakage of plasma from the vessels.  This 

structural damage was observed in the present model as an increase in albumin in the 

BAL supernatant of HDM animals compared to vehicle controls and naïve animals.  

These histological results furthermore confirm the CT finding of increased densities 

around the major airways was due to increased inflammatory cells and oedema.  Although 

this method of analysing histology is novel and does not employ traditionally used 

scoring, it mimics the airway segmentation and analysis used for CT densitometry.   

Asthma management and regulation guidelines state that a major aim is to treat 

eosinophilic airway inflammation and the use of inhaled corticosteroids is recommended 
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as treatment for asthma exacerbations (Gibson et al. 2000).  Research has already shown 

that the use of inhaled steroids in the management of asthma results in decreased 

infiltration of inflammatory cells, decreased airway hyperresponsiveness, and inhibition 

of vascular exudation and mucous secretion (Gibson et al. 2000, Goldsmith et al. 2004, 

Horvath et al. 2006).  CT visualization and quantification of these effects has been 

limited.  With this study, we have that shown CT densitometry was sensitive in detecting 

a reduction in inflammation around the major airways after budesonide treatment.  It 

showed that BUD 100 and 300 µg/kg reduced inflammation to a state similar to baseline 

after three doses every other day with the continuance of allergen exposure.  After six 

treatments, BUD 10 to 300 µg/kg showed the resolution of higher CT densities around the 

airways.  BAL cytology results did not confirm these findings, as there were no 

differences in total cell counts and eosinophil counts after three BUD doses in the 

treatment groups compared to HDM exposed rats.  Not until six administrations did the 

100 and 300 µg/kg doses reduce total cell counts and the 10 and 100 µg/kg reduce 

eosinophil counts in the BAL.  We believe the effects on BAL inflammatory cells did not 

follow similar trends observed with our CT densitometry because BAL extracts cells from 

the entire lung, while our CT analysis focused directly on the major airways.  However, a 

visual assessment of the histological lung slices showed a decrease in the apparent 

inflammation around the airways (Figure 21).  Therefore, quantification of histology was 

performed to measure the change in peribronchial inflammation with BUD treatment.  

The histology results correlated with CT in terms of the reduction in peribronchial 

inflammation with steroid treatment.  After three doses of BUD 300 µg/kg and six doses 
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of BUD 100 µg/kg, the percent grey intensity was significantly reduced, indicating fewer 

cells in the airway ROI compared to the HDM exposed group.   

Delivering BUD after allergen challenge was performed to evaluate its role in 

reducing established inflammation, whereas previous studies gave BUD prior to allergen 

challenge as preventative therapy (Xu et al. 2000, Basdemir et al. 2001, Shen et al. 2005).  

The acute effect of short-term inhaled budesonide 2 and 4 hours prior to OVA challenge 

in Sprague Dawley rats led to reduced inflammatory cells in asthmatic rats and no severe 

inflammation present around the major airways (Basdemir et al. 2001).   In BN rats given 

BUD 2.5 mg/kg initially, again after 17 hours, then exposed to OVA, total cell counts in 

the BAL were reduced in the BUD treated group.  The authors hypothesized that this was 

due to the significant decrease in macrophages in BUD treated animals compared to 

controls, with little effect on the number of eosinophils (Xu et al. 2000).  Johnson et al. 

chronically exposed mice to HDM 25 µg for 5 or 7 weeks, initiating robust airway 

inflammation, then treated the mice with BUD/Formoterol (Symbicort) immediately 

prior to allergen challenge for 2 weeks, which led to a significant decrease in both total 

cellular airway inflammation in histology and BAL eosinophilia (Johnson et al. 2008).  

Their results were confirmed with histopathology, demonstrating that the treatment 

reduced inflammation in the whole lung.  These findings were similar to those found 

using our method of quantitative histology.   

CT densitometry and histological analysis are in agreement that BUD reduced 

density changes and cellular influx brought on by allergen challenge.  However, there is 

literature stating that these changes may be due to the effect of BUD on oedema induced 
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by the challenge and not directly to the reduction in inflammatory cells (Tigani et al. 

2003, Horvath and Wanner, 2006).  Tigani et al. showed, 24 hours after OVA 

administration, significant oedema depicted by MRI.  BUD was administered 24 hours 

later and the histological results showed a decrease in oedema and BAL protein 

concentrations.  These data correspond with our results showing that BUD treated groups 

had significantly lower concentrations of albumin in the supernatant, thus less oedema, 

compared to animals with continued to HDM exposure but not treated with BUD.   

The experimental control groups of this study, VehHDM+BUD and VehHDM+VehBUD, 

showed mixed results.  The CT density distributions and BAL total cell counts indicated 

healthy lungs, but the percent eosinophils, quantitative histology, and albumin 

concentration results indicated otherwise.  CT densitometry showed significantly fewer 

change from baseline compared to the HDM exposed group and lower BAL TCC after 

three and six treatments.  The control group’s percent eosinophils remained high and 

albumin analysis showed high concentrations in the VehHDM+VehBUD, not different from 

HDM exposed animals.  The quantitative histological results posed even more confusion 

as the percent grey intensity significantly decreased throughout the treatment phase, not 

corresponding to the imaging and biological results.  The cause for this discrepancy is 

unclear, and the examination and evaluation of possible reasons needs to be investigated; 

excipients in the budesonide vehicle control, animal bedding, and the BN phenomenon of 

spontaneous severe eosinophil-rich multisystemic granulomatosis could be responsible 

(See Study Limitations).  
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This study possesses benefits that are clinically associated with the timing and dose 

of budesonide in an allergic airway model.  Additionally, this model has demonstrated 

similarities in the allergic initiation and inflammatory effects seen clinically by 

methacholine, mannitol, and fractional exhaled nitric oxide challenges (Anderson and 

Lipworth, 2012) and eosinophil reduction seen clinically to make it a valid preclinical 

model to measure the efficacy of lung-directed therapies (Gauvreau et al. 1996, Gibson et 

al. 2000).  The results of this study are consistent with clinical results published by 

Gauvreau et al. demonstrating that seven doses of budesonide (400 µg) can attenuate the 

magnitude of the asthmatic response and reduce airway responsiveness and eosinophils 

induced by allergen challenge.  Gibson et al. (2000) successfully showed that a single 

dose of budesonide (2400 µg) could reduce sputum eosinophils and slightly increase 

FEV1 after treatment.     

It has been documented that CT densitometry is more sensitive to assess the 

progression of pulmonary diseases, such as emphysema, asthma, and fibrosis, than lung 

function tests (Biernacki et al. 1997, Goris et al. 2003, Stoel & Stolk, 2004).  It has not, 

however, been employed as a diagnostic tool or used to evaluate the efficacy of treatment 

in asthma (Stoel & Stolk, 2004).  CT densitometry in this current study was used to 

measure the extent of the allergic airway inflammation after exposure to an allergen and 

the anti-inflammatory effects of corticosteroid therapy.  The CT airway densitometry had 

the ability to correctly identify those animals with increased density due to airway 

inflammation and decreased density by steroid therapy.  The specificity of CT 

densitometry did not, however, correctly identify all the control animals without the 
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disease resulting in false positives.  This model provides a standard measurement tool 

with an optimized CT acquisition protocol and densitometric technique to use allowing a 

standardized and reproducible result, especially useful for new drug trials.   

CT densitometry was shown to be a sensitive, non-invasive method of evaluating 

the anti-inflammatory effects of budesonide and can be used for screening therapies in 

allergic lung models.  It allows for a localized assessment of peribronchial inflammation 

and appears to be a more precise measure of airway inflammation than BAL, which 

provides a global assessment of the inflammatory state of the lung.     
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CHAPTER 5 

5     LIMITATIONS OF THE STUDY 

There are a number of potential limitations of this study, starting with the airway 

segmentation method.  While it focused around the major airways, the primary region 

affected in asthma, and excluded the rest of the lung, the user manipulation required for 

this segmentation method required a certain level of expertise in identifying the region of 

interest.  Potential variability between and within animals themselves was observed and 

illustrated by the CT validation study.  The landmark of the seventh rib and region of 

interest of 3.5 mm diameter centred on the lumen and 6.9 mm in length were chosen to 

reduce the subjectivity of selecting the airways.  The fact that the BAL analysis of the 

TCC and percent eosinophils did not correlate with CT densitometry was probably due to 

the different sampling areas; CT densitometry included tissues surrounding the major 

airways and BAL fluid from the whole lung.  

Budesonide was chosen due to its potent anti-asthma effects as it has shown high 

receptor affinity, airway selectivity, prolonged tissue retention, and inhibition of 

inflammatory symptoms such as oedema and vascular hyperpermeability (Bandi et al. 

2001).  The CT results showed decreased densities and quantitative histology showed a 

reduction in grey intensity after three and six treatments of budesonide compared to HDM 

exposed, but the BAL findings did not correlate.  While one factor may be the sampling 

area, it may also be that budesonide did not reduce inflammation but only acted on 

oedema caused by the allergen exposures.  Even after the continuance of HDM and BUD 

exposures for three more administrations, the resolution seen at the lowest budesonide 
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concentration was not observed in the biological results, indicating the possibility that a 

higher concentration of budesonide is required to reduce oedema and persist to reducing 

inflammation.   

Another potential limitation is the budesonide formulation used and the possible 

effects caused by the excipients within the vehicle (VehBUD).  The control group exposed 

to the vehicle formulation (VehHDM+VehBUD) showed an increase in BAL albumin 

concentration over time, suggesting that the excipients in the vehicle may cause harm to 

the lung structure.  It has been documented by Gao et al. and Hirama et al. that EDTA at 

a concentration of 2.0 mM and polysorbate-80 at a concentration above 300 µg/mL may 

modify lung membranes by damaging the wall junctions causing pulmonary 

microvascular permeability and thus “leaky lungs”.  The amounts of EDTA (0.1 mM) and 

polysorbate-80 (20 µg/mL) within the BUD vehicle did not reach these destructive 

concentrations, but with repeated exposure (six doses), it is plausible to deduce that they 

may in fact be increasing lung permeability in the control animals, thus resulting in a 

detectable rightward shift in CT density due to oedema.       

Other factors that may have contributed to the abnormal results of the control 

animals are the animal corncob bedding type and strain of rat.  Researchers have 

attempted to create animal protocols where all possible variables are controlled.  It is 

easy, however, to dismiss simple elements, such as the type of animal bedding which may 

contain harmful endotoxins and affect study results, especially for lung inflammation 

studies.  D.A. Schwartz et al. researched, in the early 1990s, the effect of the endotoxin 

lipopolysaccharide (LPS) found in corn dust extract (CDE) within human and mouse 
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inhalation studies.  They discovered that endotoxins present in corncob dust are 

responsible for inflammatory response seen within the lungs (Schwartz et al. 1994, 

Schwartz et al. 1995, Jagielo et al. 1996, Schwartz 1996).  Further investigations by 

Kaliste et al. compared the percentage of airborne dust and endotoxin in clean and soiled 

animal bedding, and discovered that the bedding contained biologically active compounds 

(Kaliste et al. 2004).  The dust and endotoxin affect both the staff as well as the animals, 

resulting in the incidence of airway obstruction and immunologic responses; increased 

BALF TCC, neutrophils, and TNF-α (Schwartz et al. 1994, Kaliste et al. 2004).  The 

CAF uses autoclaved corncob bedding, which has been shown by Whiteside et al. to 

contain the highest level of endotoxins and coliform counts of all animal bedding types 

(Whiteside et al. 2010).  These studies provide a potential explanation that the inhaled 

endotoxins found in the corncob bedding may have caused inflammatory damage to the 

control animals, increasing BAL eosinophils, neutrophils, and albumin concentration.  

This suggestion would have to be examined further to be conclusive.   

The use of female Brown Norway rats may itself be a limitation of the study.  It has 

been documented that Brown Norway rats mimic allergic human asthma in several 

respects, by producing high levels of IgE in response to active immunization and by 

developing both early and late asthmatic response to allergen challenge, causing airway 

constriction and an influx of inflammatory cells and mediators (Brange et al. 2009, 

Hylkema et al. 2002).  The BN rat can also develop spontaneous severe eosinophil-rich 

multisystemic granulomatosis (Germann et al. 1998, Noritake et al. 2007, Percy et al. 

2008).  This event is found in both sexes, but predominantly in females of a young age 
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starting around 8 weeks, the age of the animals used in this present study,  with recovery 

after 15 weeks of age (Percy et al. 2008).  The lesions are multifocal to diffuse, found in 

the parenchyma, and characterized by cellular infiltrate consisting of eosinophils and 

histiocytes with frequent perivascular oedema (Noritake et al. 2007, Percy et al. 2008).  

This phenomenon may explain the increase in the percent eosinophils and albumin 

concentrations in the BAL fluid within the control animals as the samples were obtained 

from the entire lung.  However, the histology and CT analyses of this study focused on 

the major airways where eosinophil-rich multisystemic granulomatosis was absent.  The 

complete baseline data set of CT airway segmentation analysis was re-examined for the 

presence of granulomatosis; three rats were eliminated from the data analysis.  A 

preliminary study on this phenomenon is found in Appendix III.  With this information 

regarding the BN rat strain, it is important to non-invasively collect baseline data from a 

sample to ensure this phenomenon is not present before initiating experimental 

procedures.       
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CHAPTER 6 

6  CONCLUSIONS 

Our study has shown that CT peribronchial densitometry is sensitive to the 

detection of allergic airway disease and its regression by steroid therapy. This 

peribronchial region of interest expressed an increased inflammatory change in the 

density profile with a right shift to a denser region of -100 HU and returned back to a 

state similar to baseline in a dose response manner to the inhaled corticosteroid, 

budesonide.  Quantitative histology and albumin measurements confirmed the anti-

inflammatory effects of budesonide, as seen by CT as decreased inflammation 

surrounding the major airways.  BAL cytology was not representative of local airway 

changes, suggesting that outcome measures specific to the peribronchial region (used in 

CT analysis) may be a more accurate depiction of the pathological changes and 

therapeutic effect of steroids in allergic airway disease.   

CT is an important investigative tool, providing a method of analysis that is non-

invasive and allows the longitudinal study of structure and function of the lungs.  

Furthermore, CT allows the translation of preclinical study of disease progression and 

regression by treatment to clinical application using individual subjects as their own 

controls.  With developed segmentation parameters to assess the extent of airway disease, 

CT provides the ability to quantify pathologies using density profiles and provides a 

method to study the efficacy of novel clinical therapies in an allergic airway animal 

model and can be further applied to new drug trials in patients with asthma.  Additionally, 

this model demonstrated a high sensitivity and specificity of the developed optimized CT 
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acquisition protocol and densitometric technique, permitting a standardized and 

reproducible result.  Of particular relevance would be the adaptations of this non-invasive 

technique to better understand disease progression and effectiveness of the anti-

inflammatory treatment in patients with asthma. 
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CHAPTER 7 

7       FUTURE DIRECTIONS 

Potential studies should investigate a longitudinal evaluation and dose response of 

other anti-inflammatory treatments using this model to explore their therapeutic effects as 

measured by CT densitometry.  This would provide important information that may assist 

clinical research.  Additionally, the lung and thoracic segmentation methods could be 

investigated in the context of different lung disease studies, as they may better represent 

that disease.  Discovering CT density thresholds pertaining to individual lung diseases 

and their treatments would be extremely valuable for measuring the initiation, progression 

and possible regression of the disease.      

The pilot CT validation study provides useful preliminary information regarding the 

random error associated within the airway, thoracic, and lung segmentations.  Further 

investigation is still required to provide more concrete findings.  Analysis should continue 

using a greater number of animals with CT imaging every day, every other day, and every 

week representing different imaging time-points of individual investigative models.  

Additionally, different rodent species, primarily rats and mice, should be investigated to 

determine the specific error associated within each species using the different 

segmentation methods.  Segmentation analysis of these studies should also be performed 

by multiple users to include user subjectivity in the error.  With the results of these 

investigations, it will be easy for investigators to select a segmentation method and 

associate a concrete error to that specific analysis based on the criteria of the experiment. 
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CHAPTER 9 

9 APPENDIX 

Appendix I - Supplemental Materials and Methods 

9.1  CT Validation – Thoracic and Lung Segmentation 

The thoracic and lung segmentations used a sampling method for tissue densities 

with a defined region of interest.  

                

Figure 24.  Thoracic Segmentation.  The blue regions illustrate the location and relative 

size of the segmentation. a) 3D representation (Jobse et al. 2009) and b) Cross-sectional 

slice. 

                     

Figure 25.  Lung Segmentation.  The blue regions illustrate the location and relative size 

of the segmentation. a) 3D representation (Jobse et al. 2009) and b) Cross-sectional Slice. 

a) 

a) 

b) 

b) 
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Appendix II - Supplemental Results 

9.2  Development of an Allergic Airway Inflammatory Model: Dose and Temporal 

Response of HDM   

9.2.1 CT Densitometry  

 There were no differences in the CT density distributions between HDM150 and 

HDM250 at five and eight doses, nor was there a difference within the dose groups 

between exposures (Figure 26). 
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Figure 26.  Change from Baseline Peribronchial CT Density Distribution.  Change 

from baseline calculated as percent voxels above density threshold of -100HU.  a) Post 

five doses, b) Post eight doses, c) HDM 150 µg at five and eight exposures, and d) HDM 

250 µg at five and eight exposures.  Data expressed as mean ± SEM.  

 

9.3  Development of a Treatment Model: Dose and Temporal Response of 

Budesonide   

9.3.1 CT Densitometry  

There were no significant differences present within treatment groups between three 

and six administrations (Figure 27). 
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Figure 27. Change from Baseline in Peribronchial CT Density with Budesonide 

Treatment.  Change from baseline calculation of percent voxels above density threshold 

of -100HU a) HDM 250μg, b) BUD 10 µg/kg, c) BUD 100 µg/kg, d) BUD 300 µg/kg, 

and e) The BUD vehicle control. Data expressed as mean ± SEM.  

9.3.2  BAL Total and Differential Cell Counts 

TCC significantly increased in the 10 µg/kg BUD group (p<0.05, Figure 28) while 

percent eosinophils significantly decreased between three and six administrations 

c) 

a) b) 

d) 

e) 
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(p<0.05, Figure 29).  The remaining groups showed no significant differences in TCC and 

percent eosinophils between exposures (Figures 28 & 29). 
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Figure 28.  BAL Total Cell Counts with Budesonide Treatment.  a) HDM 250 μg, b) 

BUD 10 µg/kg, c) BUD 100 µg/kg, d) BUD 300 µg/kg, and e) The BUD vehicle control. 

Data expressed as mean ± SEM. *p<0.05, by a two-tailed independent t-test. 

e) 

d) c) 

b) a) 
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Figure 29.  BAL Percent Eosinophils with Budesonide Treatment.  a) HDM 250μg, b) 

BUD 10 µg/kg, c) BUD 100 µg/kg, d) BUD 300 µg/kg, and e) The BUD vehicle control.  

Data expressed as mean ± SEM. *p<0.05, by a two-tailed independent t-test. 

9.3.3  Quantitative Histology 

There was a significant decrease in inflammation within the HDM+BUD100 group 

and VehHDM+VehBUD groups between three and six administrations.  The remaining 

groups showed no significant differences between exposures (Figure 30). 

* 

a) b) 

c) d) 

e) 
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Figure 30. Quantitative Histological Analysis of Peribronchial Inflammation.  

Inflammation measured as percent of total area of interest above the grey intensity 

threshold.  a) HDM 250 μg, b) BUD 10 µg/kg, c) BUD 100 µg/kg, d) BUD 300 µg/kg, 

and e) The BUD vehicle control.  Data expressed as mean ± SEM. *p<0.05, **p<0.01 by 

a two-tailed independent t-test.  Intensity threshold defined as grey intensity at where 

90% of the area is below. 
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Appendix III – Supplemental Experimentation 

 

9.4  Spontaneous Eosinophilic-Rich Multifocal Granulomatous Pneumonitis in the 

Brown Norway Rat 

9.4.1  Introduction 

Brown Norway rats have been previously used in numerous studies of respiratory 

disease, including asthma (Jobse et al. 2009, Brange et al. 2009, Hylkema, et al. 2002), 

but have also been documented to develop spontaneous eosinophilic rich necrotizing and 

granulomatous pneumonitis (Germann et al. 1998, Noritake et al. 2007, Percy et al. 

2008).  This event is found in both sexes but predominantly in females of a young age 

starting around 8 weeks and with recovery after 15 weeks (Percy et al. 2008).  The lesions 

are multifocal to diffuse, found in the parenchyma, and characterized by a cellular 

infiltrate consisting of eosinophils and histiocytes; frequently, there is perivascular 

oedema (Noritake et al. 2007, & Percy et al. 2008).  This pilot research was performed to 

further understand this phenomenon.  The study found that the baseline CT scans of naïve 

animals were suggestive of increased inflammation depicted by high densities on the CT 

in a subset of animals we investigated the presence of spontaneous pneumonitis using CT 

and histopathology.        

9.4.2  Objectives 

To use CT imaging to monitor the progression and resolution of mutifocal, 

eosinophil-rich necrotizing and granulomatous pneumonitis found in female Brown 
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Norway rats and to correlate CT densitometry to histological scoring of granulomatous 

pneumonitis. 

9.4.3  Materials and Methods 

Female Brown Norway (BN) rats, approximately 6 weeks old weighing 80-100 g, 

were purchased from Harlan Global Headquarters (n=12, strain BN/SsNHsd).  The 

animals were housed in the same system as described in Section 2.1.  Animals were 

untreated throughout the experiment.  A baseline CT was acquired for each rat (n=12) at 8 

weeks old.  CT scans continued every two weeks for 14 weeks (baseline, week 10, week 

12, and week 14).  Immediately after week 14, a subset of animals (n=5) were sacrificed 

to obtain histological data.  The remaining animals (n=7) were CT scanned at week 16 

and a final scan at week 30 followed by a sacrifice for histological samples.  CT 

acquisition and reconstruction parameters are found in Section 2.5.  The airway 

segmentation method and densitometry analysis was used from sections 2.6.3 and 2.7.  

Histopathology was performed by Dr. Jacek M. Kwiecien DVM, MSc, PhD, a veterinary 

research pathologist at the Central Animal Facility of McMaster University. 

Based on the CT densitometry results from the HDM and BUD dose and temporal 

response studies, a severity scale of the percent voxels above -100HU was established 

based on CT density: 1 = healthy (<10%), 2 = mildly sick (11-16%), 3 = sick (17-25%), 

and 4 = severely sick (>26%).  Histology results were scored by Dr. Kwiecien for severity 

of pneumonitis: 1 = healthy, 2 = minimal/mild pneumonitis, and 3 = spontaneous 

eosinophilic rich multifocal granulomatous pneumonitis. The Spearman rank order 
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correlation was used to assess the correlation between CT densitometry and 

histopathological scores.      

9.4.4  Results 

9.4.4.1  CT Densitometry  

Baseline images from 12 rats at week 8 indicated that one animal was healthy with 

6% voxels around the large airways above the -100HU density threshold, five animals 

were classified mildly sick (13.6% ± 1.1%), four as sick (24.5% ± 4.1%), and two as 

severely sick (34.7% ± 8.2%).  Throughout the remaining time-points, compared to 

baseline, seven of the twelve rats maintained or increased CT density (6.9% ± 3.7%) and 

three had little change in pathology (-1.7% ± 0.3%) around the major airways (Figure 31).  

Only two rats demonstrated considerable resolution in airway density (19.3% ± 2.4%) 

from their baseline data (Figure 32).       
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Figure 31. Representative CT from a Single Sick BN Rat Illustrating Increased 

Peribronchially Density with Little Resolution Over 30 Weeks.  Blue area denotes 

values between -100 HU and -200 HU while red denotes values >-200 HU. a) 19.9% 

voxels at baseline (8 weeks), b) Further increase to 28.8% voxels at 30 weeks, and c) CT 

density distribution as percent voxels.  Blue box: >-100 density threshold.  HU:  

Hounsfield units.   

a) b) 

c) 
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Figure 32. Representative CT from a Sick BN Rat Illustrating Resolution of 

Peribronchial Densities Over 30 Weeks.  Blue area denotes values between -100 HU 

and -200 HU while red denotes values >-200 HU.  a) 28.8% voxels at baseline (8 weeks), 

b) Resolution to 7.9% voxels at 30 weeks, and c) CT density distribution as percent 

voxels. Blue box: >-100 density threshold.  HU:  Hounsfield units.   

9.4.4.2  Histopathology  

 Histopathology showed that all rats with minimal to mild pneumonitis had 

inflammatory cells present in the perivascular interstitium (Figure 33).  This was 

suggestive of an active inflammatory process in the preceding weeks.  Additionally, many 

animals expressed multifocal, eosinophil-rich necrotizing and granulomatous pneumonitis 

a) b) 

c) 
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where severe, localized inflammatory lesions were discovered within the lung lobes.  

Many of the lesions were believed to be the same in origin and in etiology due to the rich 

presence of eosinophils, epithelioid macrophages and syncytiae (Figure 34).          

 

Figure 33. Representative mild pneumonitis in a female BN rat left lobe.  Presence of 

inflammatory cells in the perivascular interstitium. a) 2X magnification and b) 60x 

magnification.      

 
Figure 34. Representative multifocal, eosinophil-rich necrotizing and granulomatous 

pneumonitis in a female BN rat left lobe.  Severe and localized inflammatory lesions a) 

2X magnification and b) 60x magnification.       

  

 

 

a) b) 

b) a) 
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9.4.4.3  CT and Histology Correlation 

The Spearman rank order correlation test showed a correlation of 0.76 between the 

CT airway densitometry and histology findings (p<0.02, Figure 35).  CT densitometry 

had 100% sensitivity and 60% specificity in the assessment of this phenomenon.    

 

Figure 35.  Correlation of CT and histology scoring in the progression and regression of 

mutifocal, eosinophil-rich necrotizing and granulomatous pneumonitis.    

 

9.4.5  Discussion and Conclusion 

CT densitometry was able to detect the inflammation of minimal and mutifocal, 

eosinophil-rich necrotizing and granulomatous pneumonitis found in Brown Norway rats.  

Visual inspection of histology showed inflammation located where CT densitometry 

scoring correlated with histological evidence of mutifocal, eosinophil-rich necrotizing and 

granulomatous pneumonitis.  The CT scanning system based on the percent voxels >-

100HU had a 100% sensitivity and 60% specificity in the detection of spontaneous 

r=0.75, p<0.02 
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granulomatous pneumonitis.  Three rats with mild pneumonitis assessed by histology did 

not correlate with the CT findings.  This may be the result of the airway segmentation 

method used; CT density was measured around the major airways, while pathology 

investigated slices of the entire lung.   
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