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ABSTRACT

Research involved in modeling human lung disease conditions has provided
insight into disease development, progression, and treatment. In particular, mouse
models of human pulmonary disease are increasingly utilized to characterize lung disease
conditions. With advancements in small animal imaging it is now possible to investigate
the phenotypic differences expressed in inbred mouse strains in vivo to investigate
specific disease conditions that affect the lung.

In this thesis our aim was to generate a comprehensive characterization of the
normative mouse lung phenotypes in three of the most utilized strains of mice, C57BL/6,
A/J, and BALB/c, through imaging techniques. The imaging techniques that we utilized
in this research included micro-CT, a custom Large Image Microscope Array (LIMA)
system for 3D microscopy, and classical histology. Micro-CT provided a non-destructive
technique for acquiring in vivo and fixed lung images. The LIMA 3D microscopy system
was utilized for direct correspondence of the gold standard histology images as well as to
validate the anatomical structures and measurements that were extracted from the micro-
CT images. Finally, complete lung histology slices were utilized for assessment of the
peripheral airspace structures that were not resolvable using the micro-CT imaging
system.

Through our developed imaging acquisition and processing strategies we have
been able to successful characterize important phenotypes in the mouse lung that have
not previously been known as well as identify strain variations. These findings will
provide the scientific community with valuable information to be better equipped and
capable of pursuing new avenues of research in investigating pulmonary disease

conditions that can be modeled in the mouse.
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CHAPTER 1
INTRODUCTION

The genetic revolution has created a wealth of information, such as the entire
mouse genome, which allows us to manipulate and study disease conditions that can be
correlated back to the human [1]. Utilizing genetic models for human disease has and is
continuing to generate great insight into the genetic basis of disease and, in particular, has
been an important component of pulmonary research [2-5]. Inbred mouse strains have
been useful because they have predictable genetics and the resulting phenotypic
characteristics can be used to analyze important pulmonary diseases such as cystic
fibrosis, emphysema, and asthma. The inbred mouse strains most commonly utilized in
research are the C57BL/6, A/J, and BALB/c mice which were developed in the first third
of the twentieth century.

In addition to the genetic revolution, there has been an equally important
revolution in digital imaging. Integrating information from the genetic and digital
imaging disciplines has the potential to uncover previously unknown structure and
function relationships in dynamic organ systems. Based on currently understood
genotypes we can further examine the expressed phenotypes in the pulmonary system of
mice using new small animal imaging systems. In particular, micro computed
tomography(micro-CT) has created advances in imaging of these small animals and can
now be used for cancer detection, monitoring efficacies of drugs in disease treatment,
and phenotype characterization [6-12]. Ultimately, through the use of micro-CT, we can
examine the phenotypic differences expressed in inbred mouse strains in vivo to
investigate specific disease conditions that affect the lung.

However, it is uncertain what anatomical structures can be discerned through the
use of in vivo micro-CT imaging with the resolution of current commercial systems. In

addition, micro-CT systems are not considered the gold standard for assessing anatomical
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structures. Therefore, direct correlation of the micro-CT imaged lung to histology would
prove extremely valuable for the investigation of the normal mouse lung. Multi-modal
imaging systems combining micro-CT, 3D microscopy, and classical histology would
accomplish this important correlation for the characterization and quantification of
anatomical structures of the entire mouse lung. The 3D microscopy system, the Large
Image Microscope Array (LIMA), has been developed for the correlation of CT images

to ground truth histology as well as to validate anatomical structures and measurements
extracted from CT. We utilize these systems to visualize and quantify the expressed lung
phenotypes in the C57BL/6, A/J, and BALB/c mouse strains, including both airway and
parenchyma structures.

We hypothesize that the ‘normal’ mouse lung consists of a spectrum of
characteristics and significant differences in the lung structures between the C57BL/6,
A/J, and BALB/c inbred mouse strains exist . Furthermore, we propose that through the
utilization of novel imaging approaches for investigating the lungs of small animals, we
will for the first time, provide a comprehensive phenotypic characterization for many of
the normal lung structures in these mouse strains.

The following specific aims were developed in order to test our hypothesis and
satisfy the development of the phenotype characterization of the normal mouse lung in
three inbred mouse strains.

Specific Aim 1: Development of an image acquisition sequence for collection of
the in vivo micro-CT, ex vivo micro-CT, LIMA, and histology datasets of the mouse lung.
A specific imaging sequence needs to be developed that overcomes and minimizes
difficulties that occur while collecting datasets from multiple imaging modalities as well
as between the living animal and the corresponding fixed tissue sample. This involves
developing an in vivo mouse lung micro-CT protocol, successful lung tissue fixation, ex
vivo micro-CT imaging with lung stabilization, LIMA imaging, and finally histological

processing protocols. In addition, image registration techniques need to be employed to
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align and compare the image information at regions of interest between the multi-modal
datasets. Through the collection of these datasets information relating the lung structures
of the C57BL/6, A/J, and BALB/C mice from tlevivo down to the corresponding

histology can be extracted.

Specific Aim 2: Define the smallest anatomical structure of the mouse lung that
can be resolved using the Siemens Micro-CAT Il micro-CT system. The micro-CT
system used in these studies was configured with a pixel size of 28 um. However, the
resolving power of the system in this configuration is closer to 50 pum. With the reported
alveolar size of the mouse to be in the range of 30-40 um, it is unlikely that under ideal
conditions (i.e. a fixed and non moving lung) we are able to discern alveoli in the micro-
CT images. Therefore we will utilize complimentary imaging systems to verify the
smallest anatomical structure of the mouse lung that we can resolve using micro-CT.
This includes the LIMA system which, for our application, has a resolution of
approximately 10x greater in the x-y plane than the micro-CT. However, due to the
depth of field inherent in the bright field LIMA images it is difficult to distinguish the
anatomical structures of the parenchyma. Therefore, we will also develop a lighting
technique that will increase the surface contrast to facilitate defining the parenchymal
structures.

Specific Aim 3: Characterize the normal mouse lung anatomy including the
lobes and tracheobronchial tree in the C57BL/6, A/J, and BALB/c inbred mouse strains
using in vivo micro-CT. Ultilizing in vivo micro-CT imaging we will image the living
mouse lung during a breath hold of 10, 20, and 30 £nptessure. Manual
segmentation of the lung, lobes and airways at each pressure will be performed and
guantitative measurements will be extracted and compared. The development of a mouse
airway nomenclature will be developed to further facilitate the comparison of airway
structures. In addition, we will verify measurements that are obtained in the micro-CT

datasets through the use of the “ground truth” pathology LIMA images. In addition, the
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manual segmentation will provide a means of validation for development of future
automated segmentation algorithms.

Specific Aim 4: Assess the lung parenchyma airspace in the C57BL/6, A/J, and
BALBI/c strains. In addition to macroscopic measurements such as the airway
dimensions, parenchyma airspace measurements will also be made from image datasets
utilizing the corresponding histology images. Although in vivo measurements are ideal,
limitations in the current hardware of the Siemens Micro-CAT Il micro-CT system
prevents imaging of the alveoli in the mouse lung. However, ex vivo analysis of the lung
parenchyma will be completed using the respective histology image data.

In Chapter 2 a discussion of the background information that is important for
understanding the major topics covered in this work is given. This includes an overview
of the structure and function of the lung, the known normal mouse lung anatomy to date,
how mouse models of human disease have been developed and their implications for the
pulmonary system, imaging techniques used for the mouse lung including micro-CT and
microscopy, analysis techniques used for the airways and alveoli, and finally the
significance and innovation that is provided by this body of work.

Chapter 3 presents the experimental methods and imaging technologies that were
developed and utilized for this research. This spans from animal handling, anesthesia
protocols, and micro-surgical techniques to undertaking in vivo imaging of mice using the
micro-CT system. In addition, Chapter 3 discusses the development of a tissue fixation
protocol that can be used for successful ex vivo imaging on the micro-CT, the Large
Image Microscope Array (LIMA) imaging system, and gold-standard histology. Also
discussed is the development of the Bright Field Segmentation Tomography (BFST)
system, developed specifically for increasing the surface contrast of lung tissue by
reducing the depth of field of the LIMA system.

Chapter 4 focuses on the image processing, analysis and registration techniques

that were implemented for visualization and quantification of the normal lung structures
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in the C57BL/6, A/J, and BALB/c mice. For each imaging modality, including in vivo
and ex vivo micro-CT, LIMA, and histology, processing and analysis was completed for
extraction of lung parameters. This included segmentation of the entire lung, individual
lobes, and the airway tree as well as identification of the airspaces of the parenchyma
(alveolar ducts and alveoli). In order to compare image information between datasets
multi-modal registration techniques were employed and described in this chapter.

Throughout Chapter 5 a characterization of the normal lung phenotypes that were
discovered through our novel imaging methodologies in the C57BL/6, A/J, and BALB/c
mice is presented. This includes an anatomical and volume analysis of the lobar
structures, visualization and quantification of the airway tree, assessment of the
peripheral airspace, and results from pulmonary function tests in each of these three
strains of mice.

Finally, in Chapter 6, a complete synopsis of this work and the impact that this
research will have on the greater scientific community is presented. In addition, a
discussion of the future directions that could further benefit lung disease research is

offered.
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CHAPTER 2
BACKGROUND

2.1  Structure and Function of the Lung

An essential organ for the survival of air-breathing animals is the lung. Its
respiratory functioning fulfills the vital role of gas exchange—facilitating the
oxygenation of the blood while carbon dioxide is removed [13]. In addition, the lung
functions to metabolize some compounds, filter materials from the circulation that are
undesired, maintain pH balance, and act as a blood reservoir [13].

These physiologic functions are served through the structural architecture of the
lung, and although this seems to differ between animals many structural components
remain consistent. In reptiles, birds, and mammals respiration takes place through a
sequence of steps where air is brought into the lung through the airways. In mammals,
the lungs are divided into the right and left lung and, depending on the animal; contain a
varying number of lobes on each side. In this case, the airway system enters and further
divides to feed both sides of lung through a series of channels: the trachea, main bronchi,
bronchioles, and the smaller terminal branches of the respiratory tree until the alveoli are
reachedFigure 2.1 and Figure 2.2. In the human lung, the terminal branches of the
respiratory tree are the respiratory bronchioles. However, in the mouse lung the terminal
branches of the respiratory tree are the terminal bronchioles which lead straight into the
alveolar ductsFigure 2.3, and there are no respiratory bronchioles.

Although the airways are the conduits for transporting air, the location for gas
exchange in mammals is in the alveoli, which comprise of the majority of the surface area
of the lung. This exchange occurs across the thin alveolar membrane between the alveoli
and the fine network of capillaries that cover them. Oxygen diffuses into the

bloodstream and the carbon dioxide diffuses into the alveoli for expiration.
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2.2 Mouse Models of Human Disease and Implications for the

Pulmonary System

The mouseNlus musculushas become the most widely used animal model of
human disease for many reasons including their close physiologic and genetic
relationship with humans as well as their defined, understood, and easily manipulated
genetic makeup. The study of mouse genetics began in the early 1900’s with the
development of the first inbred strain. Since then more than 465 inbred strains have been
developed through a minimum of twenty consecutive generations of brother x sister
matings, at which stage the inbred line has attained homozygosis at nearly every locus
[14, 15]. The most commonly used inbred mouse strains used in research have been
inbred for more than 200 generations [16-18]. Table 2.2, modified from The Laboratory
Mouse, illustrates the commonly used inbred mouse strains for biomedical research and
their applications for research.

The mouse, like the human, naturally develops many diseases that affect the
immune, endocrine, nervous, cardiovascular, pulmonary, and other complex
physiological systems [19]. Through the use of novel breeding techniques, including the
development of standard inbred, congenic, and recombinant crosses, many traits have
been isolated that are useful in the study of disease conditions. For instance, congenic
mouse strains are developed through transferring a segment of chromosome that is of
interest from one strain to another through 10 or more successive backcross matings. At
the production of each generation, selection for the donor chromosome segment occurs
[14]. Recombinant crosses, on the other hand, are created by crossing two different
inbred strains of mice. The consequent offspring, known as the F2 generation, are
systematically inbred at random. During inbreeding the genes from the parents follow
segregation and reassortment laws resulting in fixed combinations in the new strain [14,
16, 20]. With further advances in genetic technologies the production of custom mouse

models for research of specific diseases continues.
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Additionally, techniques used to manipulate the mouse genome for biomedical
research, include transgenic and embryonic stem (ES) cell knockout technology.
Transgenic models are used to promote gene function, while knockout models are used to
ablate gene function [16]. Utilizing transgenic technology, the mouse genetics are
manipulated by injecting a gene of interest, known as a transgene, into the pronucleus of
a recently fertilized single cell embryo. The transgene is then incorporated into the
mouse chromosomes at random locations and during embryonic divisions this additional
DNA is passed on to all cells in the growing mouse. The resulting mice born through this
procedure can potentially pass the transgene through the complete germline to establish a
permanent transgenic line [21].

Knockout models, on the other hand, are created by injecting blastocysts with
embryonic stem cells that have been isolated and modified through replacement of an
endogenous gene with a homologous DNA segment. The resulting mice are chimeric—
they have cells derived from both the implanted ES cell and the host—with some tissues
and cells expressing the targeted gene while others are not.

With the advent of novel methodologies a multitude of disease models have been
developed. However, for the scope of this work we are interested in the possible
applications of using the mouse to model lung disease. There is now an array of mouse
models available for lung diseases such as asthma, chronic obstructive pulmonary disease
(COPD), and cancer. Asthma models are produced by creating the airflow obstruction
characteristics seen in asthma patients—inflammation with lymphocyte and eosinophil
infiltration of the bronchial mucosa, epithelial desquamation, goblet cell hyperplasia, and
submucosa thickening. Many models have been developed to display these
characteristics and the standard protocols involve sensitization and subsequent
challenges. The most commonly used mouse strain for these protocols is the BALB/c [2,
16, 22, 23]. COPD models are more challenging to create because usually the disease

develops over long time spans from epi-genetic factors and the accelerated lifespan of the
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mouse (1 mouse year = 30 human years) limits the amount of time disease can be studied.
However, there are mice that develop airspace enlargement, characteristic of emphysema.
These include tight skin (Tsk +/-), pallid, blotchy, klotho and beige mice [5, 16]. Finally,
there are lung cancer models in use for studying the human condition including
spontaneous models of adenomas in the A/J and SWR strain; carcinogen induced
squamous cell carcinomas; and many transgenic models [4].

There are other practical benefits to using the mouse for biomedical research
besides the ability to manipulate their genetics in a controlled fashion. Mice are small
and easy to house, they are relatively inexpensive so multiple experiments can be carried
out with ease, and they have short gestation periods which allows multiple generations to
be acquired in a short period of time. In addition, there are certain factors that can be
controlled in the mouse such as sex, age, and environmental exposures that are not easily
controllable in human studies. However, some issues arise with the development of the
mouse strains including the inability to completely model all variables of a human
disease condition, sterility, offspring that are non viable or cannot live into adulthood for
completion of the research study, no germline transmission, no transgene expression, and
no evident phenotype despite transgene expression [21]. Albeit there are problems in
using the mouse, the advantages are still providing important information for biomedical
research and in conjunction with the genome and phenome project the addition of
imaging to reliably and quantitatively phenotype the normal and disease mouse will be of

substantial importance.

2.3  Normal Mouse Lung Anatomy

Knowledge of the normal mouse lung anatomy is still in its infancy and to date
has been accomplished primarily through observational and histological techniques. In
addition, some characteristics have been made based on functional testing [22, 24-30] and

anatomical studies through casting of the airways [26, 27, 31-35]. The total lung capacity
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of the mouse has been reported as 1 ml with 4 lobes in the right mouse lung and a single
left lung. In the mouse, 18% of the lung is comprised of parenchymal tissue while 11% is
composed of airway [31]. It has also been found that the airways have: a relatively large
lumen traversing to the base of the lung, fewer airway generations (13-17), and a
monopodial versus dichotomous branching pattern. Additionally, the mouse lung has no
bronchial circulation and there is no cartilage in the conducting airways beyond the
mainstem bronchi. The alveoli in mice are smaller than in humans and the reported size
varies greatly between investigators depending upon the strain studied and the technique
utilized to measure these structures. Irvin reported the alveoli to be around 80 microns,
Mitzner reports alveolar size varying in inbred strains from 34.0-45.0 microns, and The
Laboratory Mouse reports the alveolar size to vary between 39.0 and 69.0 microns [16,
31, 36].

Other characteristics of the mouse lung anatomy include a thin pleura that is
strong enough to be inflated to pressures beyond the 3@ to 80cmblO has been
reported) [33] that is sometimes associated with mouse total lung capacity. In addition,
the mouse has very few and maybe no sub-mucosal glands while it has a very high
number of Clara cells [31]. Iigure 2.4, modified from the National Institute of
Allergy and Infectious Diseases: National Institutes of Health, the major components of
the lung anatomy are schematically depicted and labeled.

A large collection of preliminary information is available regarding the anatomy
of the mouse lung. However, the in vivo anatomy of the lung has yet to be characterized.
Table 2.1 summarizes and compares what has been reported in the literature on the
differences between the mouse and the human anatomical structures of the lung.

In addition to the reported values for lung structures, it has been found that a
common pattern of branching occurs in the rodent lung. In both the right and left lungs,
side bronchi project off of the main bronchi in three rows: the ventral row which consists

of the longest branches and runs into the ventral periphery of the lungs, the dorsal row
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which consists of smaller branches that supplies lung tissue adjacent to the vertebral
column, and the medial row which feeds the lung directed toward the posterior region of
the mediastinum [34, 35].

To date, there is limited information regarding anatomical differences between
inbred mouse strains. Oldham and Phalen were interested in finding if there were
toxicologically significant differences between two inbred mouse strains at equivalent
ventilation rates and examined the airway anatomy using casting techniques. They
revealed differences including average airway diameter and branch length between the
BALB/c and B6C3F1 mice [32]. Soutier examined the differences in alveolar size
between the C3H/HeJ, C57BL/6, and A/J strains and found significant differences
between them. The alveoli were reported to be the largest in the C3H/HeJ mice (45 um),
the A/J strain were found to be smaller (38 um), and the alveoli in the C57BL/6 were the
smallest(35 pum) [36]. In addition, researchers have utilized inbred mice strains
extensively for inhalation toxicology studies and many findings have indicated that
different mouse strains respond differently to common inhaled spasmogens including
(carbachol and serotonin) through examination of lung mechanical responses including
respiratory system resistance and compliance measurements [2, 32, 37] . These strain-
related variations have previously been attributed to differences in metabolism or tissue
sensitivity. However, further examination needs to be completed to uncover whether
these measured differences can be attributed to biochemical effects or even anatomical
traits[32]. To date there has not been research that has analyzed both the airways and the

alveoli in the same study under the same conditions using standardized methodologies.

2.4  Small Animal Micro-Computed Tomography (micro-CT)

Imaging
The demand for imaging small animals has brought about a new discipline known

as preclinical imaging. Micro-CT is a technique used in this discipline that provides a
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means of using X-ray energy to create high resolution data sets through a minimally
invasive system for screening small animals. Of particular interest, is screening mouse
models for drug discovery, cancer detection and monitoring, and genomics applications.
Such a non-invasive system can provide a means for longitudinal studies, which is a
major advantage in mouse model research. Also, in genomics research, one can create a
disease model to study a genetically expressed variation without terminating or

destroying the animal [8, 9] which is important since development of specific mouse
genetic studies can be labor intensive and very expensive.

Micro-CT systems consist of an X-ray source, a detector array that converts X-ray
energy to an electronic signal, and a stage that rotates the specimen within a stationary
scanner or rotates the scanner around the stationary specimen [8]. When scanning live
animals, the use of a specimen holder that is stationary and does not rotate during the
scanning process is the preferred approach. Many different commercial makes and
models of micro-CT scanners are now available with each offering different advantages.
Table 2.3 lists commonly used commercial scanners along with some of their
specifications. Note that the field of view and resolution range depends primarily on the
installed detector array; therefore the highest resolution cannot be attained while using
the largest field of view and a tradeoff needs to be made. In order to successfully acquire
high quality images through micro-CT systems, underlying specifications need to be
understood so that appropriate physics and technological accommodations are met. High
resolution images depend on the X-ray source, focal spot size, detector element size,
system geometry, and X-ray flux. The scan speed is dependent upon the X-ray source
power output, the detector sensitivity and readout speed, and gantry rotation speed.
Since, micro-CT systems are not standardized scan speed comparisons are difficult to
make [38].

Methodologies utilizing micro-CT for in vivo imaging of the pulmonary system

have been limited by factors including resolution, rapid movements in the respiratory and
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cardiovascular systems of mice that cause motion artifacts, radiation dosage that may
hinder longitudinal studies, and the length of scan time. These limitations have been met
by researchers in various ways including the development of ventilation and gating
techniques. Namati et al. developed the Intermittent Iso-pressure Breath Hold (IIBH)
ventilation technique that acquires X-ray projections while the animal undergoes a forced
breath hold. The images produced in vivo utilizing the IIBH technique show the lung
microstructure with improved resolution and reduction of motion artifacts compared to
other gating techniques of the spontaneously breathing mouse [39, 40]. In addition, it
has been found that the length of time required to scan a living animal can be reduced
through the use of multiple X-ray source and detector arrays, as was developed by the
Bioimaging Research Inc. (BIR) for their commercial micro-CT system. The concern for
radiation dosage has been addressed by investigators using in vivo respiratory-gated small
animal lung imaging. They reported that the average dosage for each scan to be 0.15 Gy,
while it is considered that a total body radiation dose of 5-6.7 Gy is lethal for a small
rodent [6, 8, 12]. From these reported dose calculations, it would be reasonable to scan
the animal without expecting short term damage due to ionizing radiation. However, if
longitudinal studies were to take place, with special consideration to tumor studies, the
long term effect of radiation dosage on the animal needs to be assessed carefully[41].
Although the micro-CT is being used for many in vivo imaging applications, it
was initially utilized for analyzing small fixed tissue specimens. Micro-CT systems,
including synchrotron based systems, have been used to study the intact structures of the
mouse lung [10]. However, microscopy techniques are still the gold standard for
assessing fixed tissue specimens and therefore quantitative measurements comparing

micro-CT to microscopy images is increasingly important.
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2.5 Microscopy Based Imaging of the Lung

Techniques using microscopy have been used as the gold standard for assessing
the morphology of the lung. However, analysis of the lung utilizing 2D microscopy
based techniques does not completely characterize the 3D nature of the airways
including: airway diameter, length, and branching angle and the 2D descriptions suffer
because of their small sample size relative to the overall organ of interest. Therefore,
with the advent of whole organ microscopy extending into 3D we can evaluate the lung

morphology of the mouse in a more complete fashion [42, 43].

2.5.1 Histology

Histology is the study of tissues and how these tissues make up organs. The four
basic tissue types that make up organs are: epithelial, connective, muscular, and nervous.
These tissue types are comprised of cells and extracellular matrix and therefore need to
be examined under a microscope. In order to generate sections that can be viewed under
the microscope, the tissue needs to be fixed so that the cellular architecture is preserved.
For light microscopy procedures, the tissue is also embedded in a solid medium, usually
paraffin, so that it is supported and does not tear or distort extensively during sectioning.
Since most tissue samples are colorless, these fine sections that result need to under go
staining to increase the contrast of the underlying cellular structures.. Many techniques
for staining tissues have been developed in order to allow the tissues to stand out under
the microscope as well as to differentiate between tissue and cell types. These stains are
usually acidic or basic and react with ionizable radicals of the tissues to form electrostatic
linkages [44]. Parts of the tissues that stain with basic dyes are considered basophilic and
those that stain with acidic dyes are acidophilic. For example, nucleic acids react with
basic dyes such as hematoxylin, touidine blue or methylene blue, due to its acidic
composition. On the other hand, mitochondria, secretory granules, and collagen react

with acid dyes such as eosin, orange G, and acid fuschsin. Of all the stains that are
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currently utilized, of which we only mention a few, hematoxylin and eosin is by far the
most common.

Morphology of the ex vivo mouse lungs has been studied on fixed tissue
specimens using the light microscope. This involves embedment of the fixed specimen in
paraffin or resin, cutting tissue sections, placing the sections on slides, and staining the
tissue. Digitized microscopy slides on the light microscope have been used to assess
airway wall thickness and luminal dimensions. These cross-sectional airway
measurements are then compared to remodeled airways that have undergone changes in
response to certain diseases such as asthma. The use of microscopy imaging techniques
has also aided in the measurement of alveoli through stereologic techniques such as the
mean linear intercept and mean chord length metrics. Research has shown notable
differences in alveolar size between inbred mouse strains. More specifically, researchers
investigated hematoxylin and eosin (H&E) stained tissue sections from the C3H/HeJ,
C57BL/6, and A/J mouse strains and concluded that there was a significant difference in
alveolar size ranging from 34.0-45.0 microns [36]. In addition, the average number of
alveoli in an entire mouse lung has been estimated by histology techniques at 12-13
million in the C57BL/6 mouse through unbiased stereology techniques used by Ochs
[45].

However, research assessing the airway structure throughout the entire mouse
lung is lacking because of the 3D nature of the airways. Therefore the development of
3D histology would contribute greatly to the current techniques used for assessment of

lung structures and provide a new “gold standard” for assessing disease characteristics.

2.5.2 Large-Scale Image Microscope Array (LIMA)
Imaging
Novel developments in 3D microscopy yield important new information to

complement non-invasive imaging strategies, such as computed tomography (CT). The
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LIMA system was created to provide a “ground truth” for comparison to CT datasets
because the image content that is acquired through it is not dependent upon
reconstruction algorithms. In addition, the LIMA system bridges the gap between non-
destructive 3D imaging systems such as micro-CT and destructive 2D histology imaging
and provides additional image content such as color and fluorescence. When a tissue of
interest is imaged on multiple systems such as micro-CT, LIMA, and histology the
resulting images can be spatially registered, resulting in a 3D map of anatomical
structures that can provide functional insight.

The LIMA system consists of many components, Figure 2.5; including a
modified microtome and tissue stage, a custom built vibrating knife assembly, a
stereomicroscope with an attached charge coupled device (CCD)camera, and a XYZ
gantry all on top of a vibration free optical table. The modified Leica SM2500
microtome involved the incorporation of a stepper motor control and a stage locking
mechanism. This assured that the tissue stage would move at a constant rate resulting in
a uniform cutting speed throughout the sectioning process. By replacing the manual
control with an electronic control, the tissue stage was also interfaced with a computer for
automation. The stage locking is also computer controlled and following every section
the stage is brought back to its starting location and locked into place [46].

The knife assembly was re-designed as a large-scale vibrating blade, in order to
smoothly section soft tissue without the need for tissue embedment. The knife assembly
includes an adjustable bracket which allows the knife to adjust to varying levels to
accommodate tissue samples of different sizes—up to a whole human lung. In addition,
it was found experimentally that the knife needed to be modified so it was capable of
cutting through tissues of different densities. High frequency was effective for the
majority of tissues, but some difficulty was experienced while sectioning both the

delicate lung structure and dense airway walls. Therefore, the vibrating blade was
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designed to vibrate at both high and low frequencies. Using this system, sections are
reliably cut and can be saved for further histological processing [46].

The optical train used in the LIMA system includes a Leica MZ16FA (Leica
Microsystems GmbH, Germany) stereomicroscope connected to a 1x plan achromatic
objective and a JenOptik C12 (Jenoptik GmbH, Germany) cooled scientific camera. This
microscope carrier and camera couple was chosen because it is adaptable for use in bright
field and dark field fluorescent microscopy of stained and non-stained specimens. To
remove the "stereo" angle and create a perpendicular line of sight for the acquired
images, a Leica axial shift adapter was mounted between the objective and the
stereoscope. In addition the magnification of the microscope varies from 7.11x to
115x—resulting in a maximum resolution of 420 line pairs using the described setup.
Digital images are acquired through the CCD camera which contains a 1300x1030 pixel
array with a pixel pitch of 6.dm. Image data that is acquired by the camera is
transferred by a Firewire IEEE 1394 interface to the computer [46].

During image acquisition, the vibratome stage is locked into place and the blade
vibration is stopped. However, image acquisition is highly sensitive to vibration.
Therefore, the LIMA system is positioned on a vibration free table to minimize
environmental vibrations. The microscope and CCD camera coupling is controlled above
the sectioned tissue surface through a Velmex Bislide (Velmex, New York) parallel-
coupled gantry system. Control of the gantry motion is automated via three computer-
interfaced stepper motors [46].

Application of the LIMA system for imaging of the mouse lung would provide
important 3D microscopic information for assessing the anatomical structures and would

provide a means for direct correlation between micro-CT and histology.
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2.6  Airway Analysis Techniques

2.6.1 Airway Casting

In the mouse, prior to the use of 3D imaging techniques, airway structures were
examined using lung casts. Initial studies examined the morphology of the bronchial tree
in different species of rodents including: Micromys minutus, Mus musculus, and Rattus
norvegicus [34, 35]. These studies examined primarily the generalized nomenclature for
over 40 species of rodents as well as the relationship between airway dimensions and
body size. Further advancements were made in analyzing the cast of the laboratory mouse
using manual caliper morphological measurements including: airway length, airway
diameter, and branching angle [32]. Specifically, Oldham and Phalen created lung casts
of the BALB/c and B6C3F1 mice—with notable differences in the airway anatomy. The
resulting casts, Figure 2.6, demonstrate the differences in airway structure between the
two inbred mouse strains examined in this study [32].

Casting methods have shed light on the morphology of the mouse lung, yet they
are intensive and inherit processing and subjective analysis errors. The process of casting
may also cause a distortion in the airway shape resulting in the inaccuracy of
measurements. Due to the variation in methods used between investigators, casting used
to study the lung is subject to measured discrepancies in the airway morphology. Finally,
one additional drawback to casting is the limitation in studying any differences between

the airway structure and the supporting structure of the parenchyma.

2.6.2 Airway Segmentation
Airway segmentation from image datasets is important for visualization and
guantitative analysis for studying lung anatomy and function. Manual tracings from an
expert have been the gold standard for validation purposes and through the use of tracing
tablet computer systems with custom software, such as the Pulmonary Analysis Software

Suite (PASS), segmented data can be systematically created. However, manual tracings
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are very time consuming and exhibit variability between experts. Therefore, automated
airway segmentation techniques are needed to provide a faster routine for identifying
airway conduits and ideally are more repeatable.

There have been many techniques developed for the use of segmenting human
airways in conventional CT scans. These include: fuzzy connectivity, region growing
methods, mathematical morphology methods, and hybrid methods combining both region
growing and morphology [47-49].

Although automated airway segmentation algorithms have been developed for
analysis of the human airway tree from CT images, direct translation of these algorithms
for extracting the mouse airway tree has not been trivial. Micro-CT systems vary from
conventional CT in image quality and inconsistencies in CT values (density resolution)
with respect to reasonable dosage [6]. Therefore, an adapted algorithm for the automated
segmentation of the mouse airways is necessary and 3D airway segmentation based on
grayscale morphology is being created by Shi [50]. Otherwise, to date, the only airway
segmentation from micro-CT images acquired of the mouse have been on manually
segmented in vivo data sets and through segmentation and skeletonization of micro-CT

scans of airway casts [42, 43, 51].

2.7 Alveoli Analysis Techniques

Limitations in resolution for in vivo imaging systems has and continues to prevent
the ability to image and quantify the alveoli in the living human or animal. However,
researchers have developed techniques for quantifying the alveoli from samples of lung
tissue that have been fixed. These techniques include unbiased stereology, mean chord
length, and mean linear intercept.

Unbiased stereology of the lung is a methodology used to quantify its physical
properties in three-dimensional space through measurements made on 2D tissue sections

[52, 53]. Itis systematic technique that places emphasis on the importance of fixation,
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sampling, and processing. The sampling technique that has been most widely accepted
for lung stereology is the cascade sampling process described in detail by Ochs, [45, 53].
This methodology applies systematic random sampling where the lung is cut into
horizontal slices with a specified thickness starting from a random location. The total
volume of the lung[V(lung)] is then calculated as the product of the slice thickness and
the cut area of all slices. To calculate an estimated volume fraction of the lung
parenchyma within the lung, [¥par/lung)] point counting is completed at a low
magnification using light microscopy. In a similar manner, except at a medium light
microscopic magnification, the volume fraction of alveolar septugtelvsep/par)]

within the parenchyma is estimated. Finally, using a medium electron microscopic
magnification the volume fraction of the type Il cells(tYpell/alvsep)] within alveolar
septum can be estimated. From these calculated values the total volume of the
parenchyma, alveolar septum or type Il cells can be obtained. In addition, unbiased
stereology can be used to estimate the total number of alveoli in a lung through
identification of the free ends of the alveolar septae which contribute to the 2D network
of alveolar openings in 3D [45].

Frequently used methods for analysis of the alveoli on paraffin processed
histology slices includes the mean linear intercept technique and mean chord length
technique. Mean linear intercept measures the airspace chord lengths in addition to the
wall thickness whereas mean chord length measures the airspace chord lengths and does
not include the wall thickness in its metrics [36, 54, 55]. Both are performed in a similar
fashion where sampled regions containing alveolar tissue and not containing large
airways or blood vessels are used. The peripheral airspace (PAS) is measured by a
straight line that is taken at random and the alveolar cord is the distance that is in between
two walls. From a binary black and white image this corresponds to white regions being

airspace and black regions consisting of the alveolar wall.
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Currently within the field of lung morphometric analysis there is discordance

regarding techniques which are suitable for assessment of the alveoli [56].

2.8 Significance and Innovation

Within pulmonary research the development of mouse models has provided
insight into disease development, progression, and treatment options. However, for a
more complete understanding of the differences in normal and diseased structures it is
necessary to fully evaluate the lung phenotypes expressed in healthy inbred mouse
strains. The goal of this research is to provide a characterization of the normal lung in the
three most commonly utilized mouse strains through the use of multi-modality image
datasets obtained from micro-CT, the LIMA bright field and BFST system, and
histological processing. Micro-CT was chosen because it provides non-destructive and
non-invasive high resolution anatomical imaging with the potential for longitudinal in
vivo studies. In order to accurately correlate the micro-CT anatomical measures to
traditional gold-standard histology, we have incorporated the use of the LIMA system to
bridge the gap between micro-CT and histology. This comprehensive, multi-dimensional
imaging strategy has never been done before and applied to the same mouse.

In vivo imaging of the mouse lung is still in its early stages of development and
characterization of the mouse lung from in vivo micro-CT extending to traditional
histology has not been completed. This characterization includes adaptation of a
nomenclature for the mouse airways, quantification of the airway structures including
lung and airway volumes, major and minor diameters of the airways, as well as branch
lengths. In addition, analysis of the alveolar air space in these mouse strains will be
provided through the use of LIMA BFST imaging and subsequent histology. The
development of 3D datasets characterizing the mouse lung will be valuable in many
fields including toxicology studies of particulate flow, longitudinal studies of disease, and

the improved development of pharmaceutical treatments. In addition, the availability of
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the lung phenotypes developed from these imaging systems will play an important role in
the incorporation of novel quantitative image information into databases which present
phenotypes of mice, such as the Mouse Phenome Project [57].

It is our hope that through the completion of this research project new information
relating the genetic differences between mouse strains and the expressed lung phenotypes
will be more closely examined. We believe that notable differences should be discerned
between the normal and diseased lung structures and they will provide insight into
structure and function, thereby extending knowledge of human disease conditions. In
addition, through this analysis we speculate that structural differences between mouse

strains will affect the future modeling of lung disease in the mouse.
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Figure 2.1: Breakdown of the human airway system. According to Weibel, the
dichotomous branching system of the human airways can be categorized into two major
zones: the conducting and transitional and respiratory. The major bronchi, bronchioles,
and terminal bronchioles make up the conducting zone, while the respiratory bronchioles,
alveolar ducts, and alveolar sacs make up the transitional and respiratory zones.

Reproduced from West. 2005 [13]
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Figure 2.2: Anatomical schematic of the terminal regions of the pulmonary system.
From a terminal bronchiole two respiratory bronchioles originate with alveolar buds. In
addition, the alveolar ducts, alveolar sacs, and individual alveoli are depicted.

Reproduced from McGill Molson Informatics Project. 2006 [58]
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Figure 2.3: Histology micrographs of the lung.
a) In the mouse, the terminal bronchiole feeds directly into the alveolar duct.

b) In the human, the terminal bronchiole is followed by a respiratory bronchiole branch
which is continuous with an alveolar duct and many alveoli.

Image in panel b) reproduced from Junqueira and Carneiro. 2005 [44]
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Mouse Human
Lobe Anatomy 4 lobes on right 3 lobes on right
1 lobe on left 2 lobes on left
% Parenchyma by volume 18% 12%
Airway generations Maybe 13-17 17-21
Main bronchus diameter 1 mm 10-15 mm
Bronchioli diameter 0.1-0.5 mm <l mm
Terminal bronchioli diameter 0.1 mm 0.6 mm
Respiratory bronchioli Not existent 0.5 mm
diameter
Alveoli diameter Varies from 0.035- 0.2-0.4 mm
0.080mm
Bronchial Circulation No Yes

Table 2.1: Reported anatomical differences between the mouse and human lung.
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Figure 2.4:Gross Anatomy of the Mouse Lung. This generalized schematic of the
mouse lung consists of four lobes in the right lung and the single left Tlrgnumbers
are associated with the following labels:

Larynx

Thyroids

Trachea

Apical Lobe

Azygous Lobe

Cardiac Lobe

Diaphramatic Lobe

Left Lobe.

ONokwNE

Reproduced from NIH. 2006 [59]
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Parent Origin Commonly Research Applications
Strain used substrains
A Cold Spring Harbor albino | A/J, A/He, A/\WySn General purpose, cancer, immunology,
crossed with a Bagg albing sensorineural, and developmental biology
L.C. Stron, Bussey Institute research. High susceptibility to carcinogen
induced lung adenomas.
AKR Detwiler stock, Norristown | AKR/J Cancer Research(high leukemia strain)
PA H. Furth, Rockefeller
Institute
BALB/c Albino stock BALB/c, BALB/cAn, General purpose, immunology research,
H.Bagg, Memorial BALB/cBy neurodevelopmental defects
Hospital, NY
C3H Bagg albino female crossed C3H/He, C3H/HeOu, | General purpose, cancer research,
with a DBA male C3H/HeSn sensorineural research
L.C. Strong, Bussey
Institute
C57BL Lathrop stock C57BL/6, C57BL/6BY, | General purpose, cardiovascular biology
C.C. Little, Bussey Institutd C57BL/Ei, C57BL/10, | research, background strain for most
C57BL/10Sn transgenes, spontaneous or targeted
mutations
DBA Coat color stock DBA/1, DBA/1Lac, General purpose, DBA/2: Cardiovascular
C.C. Little, Bussey Institutd DBA/2 biology, neurobiology, often contrasted with
C57BL/6. DBA/1: autoimmunity and arthritis
NOD Outbred Jc1:ICR NOD/LtJ, Type 1 diabetes research, autoimmunity
S. Makino, Shionogi NOD/MrkTac, research
Research Laboratories NOD/Shi
NZB Outbred mice from Imp. NZB/B1NJ Autoimmunity research
Cancer Research Fund
M. Bielschowsky,
University of Otago
Medical School
SWR Swiss mice from A. de SWR/J General purpose, cancer research, metabql

Coulon of Lausanne,
Switzerland

C.J. Lynch, Rockefeller
Institute

disease research, autoimmunity research

Table 2.2: Commonly used inbred mouse strains, origins, and research
applications.

Source: H. Hedrich, The Laboratory MouB#sevier Academic Press, 2004.
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Siemens (Imtek) | Skyscan Scanco Stratec
Scanner Name Inveon 1076 vivaCT 40 XCT Research
CTmodule SA+
Detector Array 3072x2048 4000x2300 2048x2048 12 detectors
4000x4000
Field of View Up to 100mm Upto 68mm | Upto 145 mm | Up to 50mm
Resolution >15 microns 9-35 microns | 16 microns 70-300 microns
Reconstruction Real time Nrecon Not specified Not specified
(512x512x768) 4 PC cluster
~40s
Comments Multimodality Gating; Visualization Accommodates
Integration; physiologic and wide range of sizes
gating monitoring measurement
software

Table 2.3: Commercial preclinical imaging systems.
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Figure 2.5: The Large Image Microscope Array (LIMA) system. This 3D pathology
system is capable of sectioning tissue samples at varying thickness and imaging the cut
surface on the remaining tissue block. The various components of the system are shown

(in black) and their respective locations are indicated (in red).
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Figure 2.6: Mouse airway casts. Variation in casts can be seen between the two strains:
BALB/c (left) and B6C3F1 (right).

Reproduced from Oldham and Phalen. 2002 [32]
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CHAPTER 3
IMAGE ACQUISITION METHODS

3.1 Image Acquisition Sequence

The development of a process modure 3.1, for acquiring both the in vivo
and ex vivo image datasets was necessary for successful characterization of the mouse
lung anatomy in the C57BL/6, A/J, and BALB/c mice. The specific imaging sequence
was developed in order to overcome and minimize difficulties that occur while collecting
datasets from multiple imaging modalities as well as between the living animal and the
corresponding fixed tissue sample. To begin with, in vivo micro-CT imaging is
performed. The information extracted from this imaging technique serves as the basis for
the closest anatomical representation of the lung that exists in the living mouse.
Following in vivo scanning the lungs are inflation fixed and dried. Xhéve specimen
undergoesnicro-CT imaging and subsequent LIMA imaging. Each section imaged on
the LIMA system is removed for histological processing. The LIMA system is essential
because it is a 3D microscopy system which acquires registered slices, and can serve as
the reference between micro-CT and traditional histology. A summary of the imaging
modalities that are used is available in Table 3.1 and a schematic demonstrating the
whole ex vivo process is displayed-igure 3.2. Experimental procedures have been
developed for use of each of these systems and analysis has been performed on the
resulting datasets. Table 3.2 provides a synopsis of the time required to generate the
image datasets from the beginning of the in vivo imaging through histology for a single

mouse.

3.2 In Vivo Micro-CT Imaging

In vivo micro-CT image acquisition is the first step in the 3D lung
characterization and is extremely valuable because the lung can be imaged live, non-

invasively, and it is a non-destructive imaging modality.
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3.2.1 Animal Preparation

In order to conduct experimentation using mice a proposal for humane treatment
of animals must be approved through the Institutional Animal Care and Use Committee
(IACUC). Following approval, design of in vivo imaging involves: handling of animals,
development of appropriate anesthesia protocols, applying micro-surgical techniques, and
utilization of physiologically appropriate ventilation for gating purposes.

Three normal mouse strains are being utilized in the characterization of the
normal mouse lung including the: C57BL/6, A/J, and BALB/c. These mouse strains were
chosen because they are the oldest inbred mouse strains and the most commonly used in
research. The image datasets that were acquired came from mature mice between 20-22
weeks of age.

The anesthesia protocol that was developed for the in vivo mouse imaging
included an initial sedation of inhaled 2-3% isofluorane, after which each mouse was
weighed. To fully anesthetize the mouse an intra-peritoneal injection was given with a
dose of 87.5mg/kg ketamine and 12.5mg/kg xylazine. The initial sedation using
isofluorane was used to avoid as much stress to the mouse as possible prior to the study
which was especially important prior to lung function testing [26]. The ketamine-
xylazine mixture served as the surgical anesthesia in addition to the analgesic agent. The
plane of anesthesia using this lasted for approximately 20-30 minutes which allowed for
enough time to get the mouse prepared to be connected to the ventilator. Side affects of
the ketamine-xylazine include bradycardia, hypotension, respiratory depression, and
hypothermia. These conditions were taken into account during monitoring of the mouse
and modifications to the in vivo protocol included the addition of heat lamps to prevent
hypothermia of the mouse during scanning.

Following a non-responsive pedal reflex test, a microsurgical tracheotomy was
performed, figure 5. The mouse was then connected to a computer controlled ventilator,

which consists of a modified Scireq (Montreal, Quebec) Flexivent system controlled via
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Labview (National Instruments, Austin, TX). In order to achieve minimal motion,
respiratory paralysis was necessary and completed through the administration of 0.1
mg/kg pancuronium. A concentration of 1-2% of isofluorane maintained the anesthesia
throughout the imaging phase. All animals were housed and treated in accordance with

the University of lowa Animal Research Committee guidelines.

3.2.2 Computer-controlled ventilation for measuring
respiratory mechanics in the mouse
The ventilator system, flexiVe(BCIREQ, Montreal, Quebec), that is used for the
in vivo micro-CT imaging is capable of generating measurements of lung mechanics in
the mouse lung. As with our micro-CT imaging, there is a trade-off that is made in order
to acquire these measures of the lung. For instance, in our in vivo micro-CT imaging
protocol we anesthetize, paralyze, ventilate, and perform gating which introduces
unnatural physiological conditions in the mouse and could ultimately introduce bias in
the lung function and structure. However, without these control conditions we would not
acquire the same quality of images and therefore could not extract the same anatomical
features. Similarly, while generating measurements of respiratory mechanics in the
mouse there is a spectrum of conditions that can be controlled. This spectrum has been
termed the Phenotyping Uncertainty Principle” [60] and relates the least invasive and
most precise procedures used in lung function measures to unrestrained plethysmography
and the forced oscillation technique, respectively. Since we are imaging the mice at the
most precise end of the spectrum we would like to make sure lung function measures are
also generated under similar conditions. The flexiVent utilizes the forced oscillation
technique to generate measures of lung mechanics where the mouse is connected to the
ventilator via a tracheostomy tube and the flexi\Applies:
e Sinewave oscillations in flow to determine resistance and elastance

¢ Broad-band oscillations in flow to determine impedance
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e Step changes in volume to determine the pressure-volume curve
Prior to imaging, we collected measures of the resistance (R ) and elastance (E) of the
lung to compare functional parameters of the mouse lung to the structural features such as

the airway tree that were extracted from the micro-CT images using a custom script.

3.2.3 In Vivo Respiratory Gated Micro-CT

The Siemens Micro-CAT Il (Siemens Pre-Clinical Solutions, Tennessee), scanner
was used for the in vivo micro-CT imaging completed in this research. It consists of a
Kevex (Thermo Electron Corp., Waltham, MA) micro-focus X-ray source that has a
variable range of voltage potential and current that can produce anywhere from 0-130
kVp and 0-500 pA. The detector is made up of a phosphor screen connected to an
intensified 3072 x 2048 CCD, with a 32 um pixel pitch size, through a fiber-optic taper.

In addition, the X-ray source and detector are attached to a gantry slide so that the
distance between the X-ray source, detector, and object can be varied. For optimized
imaging of the mouse lung the distance between the X-ray source, the object, and the
detector was placed so that the lung would have a maximized magnification and fit
entirely within the field of view.

Micro-CT imaging of the mouse lung using the Micro-CAT Il scanner was found
to contain extensive ring artifacts that are problematic when performing quantitative
analysis. The primary cause for ring artifacts in the reconstructed images are due to small
differences in the sensitivity of adjacent detector elements [11]. There are two possible
solutions for reducing ring artifacts. One approach is hardware based where the detector
sensitivities are reduced. The second approach is processing of either the raw sinograms
or the reconstructed transverse images. Both methods were evaluated and a post
reconstruction ring artifact reduction algorithm was implemented. Through further
investigation it was found that a substantial reduction could be achieved through careful

calibration and maintenance of the micro-CT scanner prior to and during the scanning.
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This included maintaining a consistent temperature in the micro-CT room during
scanning, performing an X-ray conditioning step, and acquiring calibration images in the
form of serial X-ray source on and off images prior to each individual scan. The
maintenance of temperature aids in reducing fluctuations in the detector element
sensitivities, while the X-ray source conditioning ramped the tube into a steady state
condition. Finally, the acquisition of bright and dark field calibration images prior to each
mouse accounted for the remaining detector insensitivities that were most relevant to the
current scan. This is opposed to performing a single calibration step at the beginning of
the day, where the detector and X-ray source have yet to reach a steady state, and
therefore future mouse scans increasingly inherit dramatic ring artifacts.

All mice were placed supine onto a polysterene bed and mounted on the micro-
CT carbon fiber stage. During imaging, the mouse was monitored via ECG and
temperature sensors using a BioVet C1 data acquisition system (Supertron Technologies,
Newark, NJ). A healthy and stable cardiac rate for the anesthetized mouse is anywhere
between 150 and 250 beats per minute [61]. If for any reason the heart rate dropped
below these levels the mouse was assessed and adjustments were made to the isofluorane
percentage to try to bring the heart rate back to a stable level.

For the in vivo image acquisition, a trade-off was made between the acquisistion
time to perform each scan, the reconstructed image resolution, and the amount of
radiation that the mice were exposed to. From these three requirements the following
settings were decided upon for all scans that were completed in vivo: an output of 60kVp
and 500ua, an exposure time of 500ms, and a total of 720 projections over 200 degrees
(half-scan). With these parameters, each scan takes approximately 45 minutes to
complete and exposes the mouse to approximately 85 Rad (cGy) of radiation. In
addition, when intubated the animals can be successfully revived. The resulting image

dataset from these scans takes approximately 30 minutes to reconstruct using a 28 micron
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isotropic voxel size and generates an image dataset of 1526 pixel x 1526 pixel x 1024
pixel in size. The field of view represented in this image set is 43 x 43 x 28 mm.

For the in vivo lung imaging, the projections were acquired using a custom gating
and breath hold technique called the Intermittent Iso-pressure Breath Hold [40] which
provides higher resolution images for in vivo lung imaging. This was made possible
through the use of a computer-controlled ventilator and the development of a gating
program that could trigger the scanner to take projections while the ventilator was
stopped and a constant forced airway pressure was induced. 1IBH, more specifically,
consists of a unique breathing sequence that involves three phases: (1) slightly
hyperventilated breathing at 90 br min-1 and 20 ml kg-1 for a total of 4-5 seconds, (2)
two deep breaths, and (3) apnea for about 5 seconds while a forced airway pressure is
induced and the micro-CT scanner is triggered to capture multiple angles of view. Since
a total of 720 projections are required for a complete in vivo lung scan and 4 projections
are captured during each complete 1IBH breathing sequence, the gating process where a
breath-hold is induced occurs approximately 180 times. The images that have been
obtained for the C57BL/6, A/J, and BALB/c mice using this technique demonstrates the
high image quality that can be obtained for the pulmonary system of small animals using
the 1IBH technique instead of spontaneous breatliiggire 3.3

A total of three in vivo scans were acquired using the breath-hold technique at 10,
20, and 30 cmpD for each mouse. Since the mouse cannot be told to hold a deep breath
it has been extremely challenging to define the total lung capacity for the mouse.
Researchers have tried to define this pressure empirically through pressure and volume
relationships and have not yet been able to present a definite answer. They have found
that the mouse lung can be inflated past 80 gonWithout damage [33]. Therefore, we
are not defining a total lung capacity for the mouse; instead we have assessed the in vivo
lung at multiple pressures and fixed the lung tissue at 200mth pressure that has

been accepted to fully inflate the lung. Complete analysis of the in vivo and ex vivo lung

www.manaraa.com



38

phenotypes for the C57BL/6, A/J, and BALB/c mice have been completed at 20cmH
pressure using the in vivo micro-CT, ex vivo micro-CT, LIMA, and histology imaging.
Additionally, lung metrics at 10 and 30 c®iusing the breath-hold technique have also
been extracted from the in vivo micro-CT scans. An in depth comparison of the lung
volume and airway dimensions that exist between breath-hold pressures within each
mouse strain has been completed to assess the distensibility of the lungs between the

inbred mouse strains we have investigated.

3.3 Tissue Excision and Fixation

“Every fixation for light and electron microscopy produces an artifact, in the best
sense of the word, which represents some aspects as faithfully as possible but at the
expense of others. We therefore have to live with the ‘failed dream of the physiological
fixation[3, 45].

Many fixation techniques are utilized to preserve the lungs for ex vivo imaging
using microscopy and micro-CT. For preservation of the tissue following in vivo micro-
CT imaging, the lung is excised and fixed using a modified Heitzman fixation solution.
This fixative is intended to conserve radio-density while maintaining necessary
histopathology for accurate pathologic and radiologic comparisons. Therefore, the lungs
are fixed with a fixation mixture consisting of 25% Polyethylene Glycol 400
(FisherChemicals, New Jersey), 10% Ethyl Alcohol (190 Proof, 95%) (Pharmco
Products, Connecticut), 10% Formaldehyde Solution (FisherChemicals, New Jersey) and
55% laboratory distilled water [62]. Since there are many fixation techniques,
experimentation and a review of previously used methodologies was completed. Testing
done by Blumler et al. showed that immersion fixation without instillation through the
trachea did not allow sufficient subsequent inflation of the lung [63]. Based on a review
by Renne et al. researchers using formalin lung fixation techniques were surveyed in

order to develop an accepted and more standardized protocol for the fixation of lung
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specimens. Seven out of the eight members surveyed used intratracheal instillation and
normally removed the lungs from the thoracic cavity prior to fixation unless they were
guantitative studies. In addition, gravity instillation was used in quantitative studies
versus filling until full expansion of the lobes in qualitative studies. All eight of the
responding members (including the member who did not use instillation fixation) agreed
unanimously that intratracheal instillation provided the best preservation of airways and
alveolar walls—in addition to maximizing visualization of the lung parenchyma. The
single member who did not use intratracheal instillation noted that there is the
disadvantage of inducing artifacts [64]. However, based on the study the sub-committee
of the Society of Toxicologic Pathology expressed the opinion that the advantages of
intratracheal instillation for the fixation of lung tissue outweighed the disadvantages and
they strongly recommend this method for quantitative studies involving the alveoli [64].
Based on the previous techniques accepted for formalin fixation, we modified our
fixation technique using the Heitzman solution. The fixation fluid is applied
intratracheally through a gravity feed system at a constant specified pressure 0§Q0cmH
for a total of 18-24 hours for mice. Initially, the fixation is performed within the thoracic
cavity for approximately thirty minutes for full inflation and fixation of the air spaces.
The effect of the chest wall mechanics on the lung is ignored since previous reports have
found that the chest wall compliance is 6-7 times greater compared to the compliance of
the lung. It has also been found that strain-specific phenotypes in lung mechanics are not
influenced by the chest wall [30, 65]. After the lung is removed from the chest, the
trachea remains connected to the gravity feed system and is immersed in the fixation
mixture for the remaining time. Placing the lung in the fixative ensures that areas
inaccessible via the airways are fixed through diffusion. The lung is then disconnected
from the fixation apparatus and air-dried at the same pressure that the tissue was fixed at
20cmH20 for 48 hours in a heated drying oven set to 60 degrees Celsius. Using this

method there is minimal reduction in lung volume during fixation; and the lung density as
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measured by the CT scan before and after fixation, is presefigute 3.4, shows the
set-up used for fixation of the mouse lung.

In addition, Figure 3.5 shows the differences in size between lungs fixed using
the methodology with the Heitzman solution versus 10% neutral buffered formalin. The
experimentation was completed on two A/J mice of the same age and using the same
instillation protocol. An image slice obtained from the micro-CT demonstrating the
differences in internal lung structures between the modified Heitzman fixed lung and the
10% neutral buffered formalin fixed lung is shown in Figure 3.6. The fixation protocol
and the scanning parameters for the micro-CT were constant for both lungs, revealing
that the differences seen in the images are a result of the fixative used. It is clear that the

Heitzman technique is superior for our experimentation.

3.4  ExVivo Fixed Lung Micro-CT Imaging

Because no single imaging system can provide all the information available
within the specimen it is important to utilize complimentary imaging systems to
characterize the lung in 3D. Micro-CT imaging provide radiodensity image information.
Ex vivo micro-CT allows fixed lung investigation without motion artifacts and can be
correlated to the lung structures in 3D microscopy techniques. Therefore, following
tissue fixation the lung is re-imaged on the micro-CT.

Prior to imaging the fixed lung specimen, the development of an apparatus was needed to
maintain the lung in the same imaging plane for micro-CT and subsequent LIMA

imaging. The system that has been used to orient theRighge 3.7, consists of a fine

22 gauge plastic wire fed through a catheter directed through the heart—to prevent
disruption of lung tissue. The lung is stabilized by two wooden dowels connecting two
polyethylene end plates that fit directly onto the micro-CT specimen stage. The system
further translates to the LIMA, without changing the imaging plane through the

attachment of one end plate to the stage base plate of the LIMA system.
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The Siemens Micro-CAT Il scanner (Siemens Pre-Clinical Solutions, Tennessee)
was used foex vivo micro-CT imaging. The scanner settings have been changed to
60kVp, 368 A, and 2250ms in order to acquire higher resolution images through the
decrease in the X-ray power output (reduction of the focal spot size) and the increase in
the exposure time (increase the dynamic range and hence increase the signal to noise
ratio). The images were reconstructed using 28 micron isotropic voxel size generating an
image dataset of 1536 pixel x 1536 pixel x 1024 pixel in size. The field of view

represented in this image set is 43 x 43 x 28 mm.

3.5 The LIMA System

Although the LIMA system and traditional histology are destructive imaging
systems they are important for the development of the 3D characterization of the entire
mouse lung because they contain image information not found in the micro-CT.
Traditional histology, consisting of extremely thin 2D stained tissue samples, has been
the gold standard for assessing normal and diseased lung structures. However, because
of the loss of precise spatial information in standard processing of histology samples the
tissue slices cannot be accurately correlated to the 3D micro-CT data. Therefore, the use
of the LIMA system is essential because it is a 3D microscopy system which acquires
registered slices, allowing correspondence between micro-CT and traditional histology.

In addition, the LIMA system can provide image information such as color and

fluorescence.

3.5.1 Tissue Embedment
In order to section the lung from apex to base using the LIMA system without
disrupting the tissue, an external embedment step needed to be incorporated. Extensive
experimentation evaluating multiple materials including resin, paraffin, foam, and
agarose was completed. However, due to limitations in the embedment material,

including artifacts from the paraffin and foam, agarose was chosen. Testing of the best
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preparation for agarose was made and the resulting methodology for preparation
included: using low gel temperature biological grade agarose mixed with distilled water
and heated in a microwave on high for approximately 60 seconds. The agarose was
allowed to cool down to 10 degrees above the gelling temperature and then poured into a
custom embedment container which houses the mouse lung in the correct orientation with
respect to the ex vivo micro-CT scan. The container was placed in a refrigerator where the
agarose gelled and cooled until it was completely set (approximately 2 hours). The
embedment container is made up of a stack of plates surrounding the embedded material
that is sequentially removed during the sectioning process. This is important for
supporting the agar and the lung during sectioning. Error! Reference source not
found.Error! Reference source not found. shows the embedment process with the
orientation device and the dynamic embedment container with lung tissue embedded in
agarose. Using this technique we have been able to section on the LIMA system in a
repeatable fashion and are able to process the slices successfully for generation of

histology slides.

3.5.2 Bright Field LIMA Imaging

Following the embedment procedure, imaging and sectioning is performed on the
LIMA system. The LIMA system is capable of high resolution imaging from 0.7 um to
12 um depending on the level of magnification used. However, a trade-off between
resolution and the time required for acquisition needed to be made. For this project, it
was found that a magnification of 20x, producing a resolution of 4.2 um, was suitable for
analysis of the lung structures as well as acquisition time.

The agarose embedded lung was attached to the base plate of the LIMA system
and the entire lung was imaged and sectioned. The sequence for capturing the LIMA
images consists of the microscope moving through an automated raster scan creating a

montage of images of the top surface of the tissue specimen. At 20x magnification we
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acquired 36 subtile images (6x6) at individual image sizes of 1300x1050 pixels. The
image tiles were acquired with a 15% overlap in the horizontal and vertical directions for
subsequent image processing to form a composite image of the tissue sugiaee3.9.
Following imaging, the sectioning equipment is turned on and the base plate moves
towards the knife, resulting in a tissue section of 500 um thickness. This cycle is
repeated and occurs sequentially through the lung in an automated process. Using the
LIMA system for microscopy image acquisition, spatial relationships between sequential
slices are maintained and spatial correlation can be made with the micro-CT. In
addition, the resulting slice from the LIMA can be processed using traditional
histological techniques.

The LIMA and histological datasets consisted of approximately 40 slices per lung,
based on a sectioning thickness of 500 um. In comparison, the image datasets obtained

from the micro-CT have approximately 600 image slices.

3.5.3 Bright Field Segmentation Tomography (BFST)
LIMA Imaging
The images obtained using the standard LIMA bright field ring illumination
provide valuable information regarding the lung and airway structures. However, the
nature of the lung parenchyma makes it difficult to distinguish the very top surface of
tissue from the surrounding tissue structures using this illumination, especially at high
magnifications. In order to distinguish these structures, a custom made ring illumination
attached to the LIMA microscope, known as Bright Field Segmentation Tomography
(BFST), was designed and developed. The BFST extracts surface details from highly
sculptured specimens through oblique illumination using a series of collimated light
sources. The BFST illumination technique in conjunction with the Leica microscope

provides a novel system that can detect subtle surface features.
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The illumination device was constructed from an aluminum ring with eight bright
white LED’s placed around the base of the rifigure 3.10. The aluminum was coated
in opaque black to prevent reflection and other optical disturbances within the system. In
order to achieve consistent illumination the LED’s were placed with even separation
according to DS = 360/N, where N is the number of LED’s used and DS is the degree of
separation. Since eight LED’s were used, they were placed at 45-degree separation
measured from the center of the ring and were set in holes drilled to fit their diameter of
3.25 mm. Setscrews were added to hold the LED’s in position to provide consistency of
illumination intensity and viewing. The system was integrated for automated control by
the LIMA acquisition system.

Incorporation of the images from the LIMA using BFST provides a methodology
for producing images that can be analyzed for assessment of the lung parenchyma and
can verify the lung structures that can be resolved in the prior micro-CT image datasets.
An example of the BFST technique on a sample of fixed mouse lung tissue at 60x
magnification demonstrates that the interaction of light and shadows produces an image
with increased contrast, and the affect of decreasing the depth of field provides more

defined top surface edges, Figure 3.9.

3.6 Histology

The 500 um sections that were removed following imaging of the tissue block on
the LIMA system were further processed utilizing traditional histology techniques. Each
slice was wrapped in biopsy paper and placed within histology cassettes. They were then
placed in a paraffin processor where each tissue slice was infiltrated with paraffin. The
slices were subsequently embedded in a paraffin block for sectioning in such a manner to
ensure the section laid flat on the base of the paraffin embedding container. Each 500 pm

slice was re-sectioned at a finer increment of 5 um using a paraffin microtome. The
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resulting sections were placed on slides and stained with Hemoatoxylin and Eosin
(H&E).

The microscope slides were digitized with a ScanScope automated slide digitizer.
This system was utilized because it could image an entire stained mouse lung section and
maintain focus across the field of view in un even samples using a dynamic focusing
system. The slides were scanned using a 20x objective which resulted in images with a

pixel size of 0.504 pm.
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Figure 3.1: The Image Acquisition Sequence:The imaging modalities used in this research include non-destructive
micro-CT and destructive LIMA and histology imaging. Starting with in vivo micro-CT anatomical structures within
the living animal are evaluated. Once the tissue is harvesteg@o micro-CT can be used for assessment of the fixed

lung and directly correlated.to
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Figure 3.2: Ex vivo imaging process from micro-CT through histology. a) The

mouselung is suspended between two base plates custom fit for the Micro-Cat Il bed and
micro-CT imaged. b) The base plate from the orientation device is connected to the
LIMA specimen stage to maintain the same imaging plane. The lung is agarose
embedded and imaged. c) The vibratome sections the lung and the slice is histology
processed.
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Application Image Content | Resolving Voxel
Power Dimensions
Non-invasive imaging e Radiodensity | ~55um 28 x 28 x 28um
In vivo Longitudinal studies
micro-CT Physiological studies
Fixed tissue imaging e Radiodensity | ~40um 28 x 28 x 28um
Ex vivo High resolution
micro-CT Increased signal/noise ratip
3D pathology e Gross 4.2um 4.2 x4.2 x250um
LIMA Enables accurate micro- pathology (ox
CT—nhistology registration|e  Color magnification)
e BFST
e Fluorescence
Ground truth Cellular & 2.5um 2.5x2.5x5um
Histology Cellular information Subcellular (20x objective)

Table 3.1: Summary of imaging modalites.
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Process
In vivo micro-CT imaging

animal preparation
-anesthesia
-tracheostomy

scanning
-3 scans at: 10, 20, 30 cn®l

reconstruction
-3 reconstructed datasets

Lung fixation
in situ inflation fixation
excision
immersion fixation

Ex vivo micro-CT imaging

scanning

-1 scan with increased exposure
reconstruction

-1 reconstructed dataset

LIMA imaging
agarose embedment
35 bright field slices
3 BFST at apex, mid, and base
photoshop stitching

Histological processing
paraffin processing
paraffin embedment
sectioning
staining
slide digitizing

TOTAL

Time required (hours)

0.75

2.25

15

0.5
0.25
24

0.5

w N o N

14

0.5

73.25

Table 3.2: Acquisition time required for collection of the raw image data for a

single mouse lung.
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Figure 3.3: Comparison of a spontaneous breathing mouse and IIBH ventilated mouse in vivo micro-CT image.

a) The spontaneous breathing mouse micro-CT image demonstrates the poor image quality due to the motion artifact
caused by normal mouse respiration. b) The IIBH ventilated mouse micro-CT image by comparison has significant
decrease in motion artifact and clear airway and lung boundaries that can be extracted.
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Figure 3.4:1n situ fixation system setup. The fixation system consists of constant
pressure monitoring through the pressure transducer and the dynamic gravity feed
system.
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Figure 3.5: In situ lung fixation comparison. Using our in situ fixation setup two lungs
from the A/J strain were harvested. The modified Heitzman solution was used for the left
lung and a 10% neutral buffered formalin solution for the right lung.
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Figure 3.6: Comparison of fixation techniques using micro-CT. a) Performing
installation fixation and air drying of the specimens demonstrates that the lung fixed with
the Heitzman solution has less distortion and shrinkage than b).the lung fixed with 10%
neutral buffered formalin
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Figure 3.7: Orientation and lung stabilization apparatus for fixed lung imaging.
The above apparatus prevents the lung from shifting during micro-CT scanning and can
be connected directly to the LIMA specimen stage for sectioning.

www.manharaa.com



Figure 3.8: Agarose embedment container. a) Lung within embedment container while still attached to orientation
device prior to embedment, b) agarose embedment, and c) agarose embedded lung with orientation device removed

www.manaraa.com

1]



56

Figure 3.9: Composite bright field and BFST LIMA images of mouse lung

embedded in agarose. Example tissue surface that is imaged via the LIMA system. a)
A single composite image of the bright field LIMA consists of 36 subtile images (20x)
while the b) BFST consists of 144 subtile images (60x). The images have been resized
and can be zoomed into to reveal smaller structures c) in the bright field and d) BFST
images.
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Figure 3.10: BFST illumination attachment for LIMA microscope. a) The eight

LED’s of the BFST provide oblique illumination of a highly sculptured specimen such as
the lung for increased surface contrast. b) The BFST attachment is custom fit to directly
mount to the LIMA microscope and can easily be interchanged with the standard ring
light attachment.
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CHAPTER 4
IMAGE PROCESSING AND ANALYSIS

4.1 Micro-CT Imaging

The micro-CT system is not a turn-key system that outputs image files in a
standardized file format such as DICOM or ANALYZE. Therefore, the output files from
the micro-CT undergo initial processing in order to be viewed and further processed as
three-dimensional (3D) image files. Once the projection images have been acquired the
micro-CT datasets are reconstructed using a cone beam back projection reconstruction
algorithm [66] through the RVA software program provided with the Micro-CAT Il
scanner. Each reconstructed image is in a raw 16Bit Signed image file format that is
1536 pixels x 1536 pixels in size. A total of 1024 images are generated for each micro-
CT scan with a voxel size for the dataset of 28 pm—creating a total size for these files of
just over 4 GB. Since the area of interest—the lung—does not fill the entire region of the
image set the files are cropped to a more manageable size to contain the lung volume and
remove surrounding pixels that are non-lung regions. The individual cropped image files
are then written to the ANALYZE file format. The size of the resulting cropped
ANALYZE file for each micro-CT dataset varies in size based on the volume of the lung

and generally is between 600-700 MB.

4.1.1 In Vivo Micro-CT Imaging
Initial image acquisition for the in vivo micro-CT scans were completed at a
single airway pressure of 20 cx®l Therefore, a total of six mice of each strain were
imaged in vivo at this pressure. However, we were also interested in comparing the lung
metrics that were extracted from the three strains of mice at multiple breath-hold
pressures. We further collected in vivo micro-CT data for three mice of each strain at 10,

20, and 30 cmpO. Processing of this image data included many steps starting with the
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conversion to a useable file format as discussed in section 4.1 and segmentation of the

lung structures.

4.1.1.1 Lung Segmentation and

Visualization

To calculate the volume of the lung at each of the three pressures for which
scanning took place a software program, AMIRA (Visage Imaging, Inc., California), was
used. The entire lung was segmented using a region growing technique where a seed
pixel was specified and voxels within a specified threshold were labeled as lung. The
resulting voxels were summed to give a total pixel volume and multiplied by the image
resolution of 28 um in all three dimensions. The same threshold was utilized for all lungs
segmented for total lung volume calculation.

The lungs were also segmented into the four right lobes and single left lung at 20
cmH,O. Currently no automated or semi-automated tools exist for segmentation of the
lobes due to the difficulty in automatically detecting fissures in the mouse lung.
Therefore, the individual lobe segmentation was completed via manual tracing of each
slice with aid of a live wire tool that “locked” to the contrasting boundary features.

Following segmentation the lobe volumes were calculated and the lobes were
rendered in 3D for visualization purposes. Each lobe was given a unique label and color,
and visualized through a transparent three-dimensional voxel intensity projection. The
output revealed the entire lung as well as the individual lobes overlaid onto an airway tree
rendering (as described below)gure 4.1. Using this visualization technique has
provided, for the first time, the ability to compare these in vivo lung structures between

mouse strains.
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4.1.1.2 Airway Segmentation and

Visualization

Defining the airway boundaries and segmenting the structures from the within the
lung was necessary for characterization of the airway tree in the C57BL/6, A/J, and
BALB/c inbred mouse strains. Initially, it was thought that it would be possible to
segment the image data using a semi-automated technique that was already developed for
extraction of human airways from CT images for the mouse. However, the image quality
of the micro-CT images prevented the translation of existing techniques to the mouse
lung. Major factors that contributed to this included poor density resolution and the thin-
walled (little contrast) airways of the mouse lung. Therefore, manual segmentation of the
airways was necessary. Using this technique enabled us to extract the airway segments
for 3D visualization, quantification, and served as validation for an automated mouse
airway segmentation approach that was being developed concurrently with this project
[50].

The manual segmentation of the airways was completed using an in-house built
software program for lung image analysis, Pulmonary Analysis Software Suite (PASS).
The airways were segmented in each transverse image slice, approximately 700 slices per
micro-CT scan. The airways for each mouse were segmented for the 10, 20, and 30
cmH,O scans. The resulting segmentations were saved as binary image files as regions of
interest. In addition to segmenting the visible airways from the micro-CT datasets, the
bifurcations were further identified and five serial segmented slices at 50% of the branch
length were isolated and extracted for regional quantitative analysis.

The complete airway segmented data was imported into AMIRA for 3D
visualization that was necessary for identifying the branching structures in the inbred

mouse strains, and development of a common nomenclature as discussed in section 5.1.
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4.1.1.3 Airway Segmentation Validation

Since the airway tree of the mouse lung was segmented manually it was necessary
to validate that the same tree could be reliably segmented between observers. We
manually traced the same airway tree with three different observers. One of the three
observers (Observer 1) served as the ground truth because they were responsible for the
tracing of the airway trees throughout the project and were considered the ‘expert’. The
other two observers (Observer 2 and 3) were familiar with the mouse lung anatomy but
had not previously traced a complete mouse airway tree. They were not shown any
examples or given any specific instruction except to only trace airway segments that
could be connected to a branch in a previous slice (except the starting slice), otherwise it
was considered a point of termination.

We followed the technique utilized by Zehntner et al., and evaluated the manual
segmentation results based on three measures includwveylap, percentage of true
positives, and percentage of false positives[67]. Three evaluations were completed for
the manual segmentation results including comparing Observer 2 to the ground truth
segmentation (Observer 1), Observer 3 to the ground truth segmentation (Observer 1),
and comparing Observer 2 against Observer 3 (where Observer 3 was arbitrarily chosen
as the ground truth between the two non-experienced manual segmenters). These
measures were calculated based on the three specific regions that were defined: region
1—the region containing only the ground truth segmentation result, region 2—the region
containing both the ground truth and the other segmentation result, and region 3—the
region that contains only the non ground truth segmentation result. If we assign region A
to the ground truth segmentation and region B to the other segmentation result then we
can conclude:

e Region = Contains A but not B (A & !B)
e Region = Contains A and B (A & B)
e Regiony= Contains B but not A (B & 'A)
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Once the regions were identified, a summation of the total number of voxels that existed
in each region was completed for the entire segmented airway tree. We will further refer
to the total voxels in each region asi, Vo, and \4.

The kmetric was used to assess the similarity that existed between the segmentation

results, where:

K——ZVZ
2V, 4V, +V,

This technique has previously been shown to reward high levels of pixel agreement and
penalize high levels of pixel disagreement amdhaetric value greater than 0.7 has been
reported as an acceptable result for segmentation and classification results in image
analysis[67]. In addition to themetric we also calculated the percentage of true

positives (TP) and the percentage of false positives (FP) as:

TP= Ve ¢ 100 4-2
vV, +V,

FP = Vs ¢ 100% 4-3
V, +V,

Our measures of the segmentation result, Table 4.1, provide validation for the use of
manual techniques for our mouse airway tree segmentation. We have been able to show
that there is a strong agreement between the three observersyaidities: greater than 0.9

in all cases. In addition, we have calculated the percentage of true positives to be greater
than 90%, while the percentage of false positives is less than 10%. The main discrepancy
that existed between the segmentation results was in the peripheral regions of the airway

trees where inter-observer variation occurred because the small structures became less
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clearly defined and therefore were hard to identify. However, all of the airway segments
that were then quantified and presented in this project were consistently identified by all
observers. The differences that exist between Observer 1 and 2, Observer 1 and 3, and
Observer 2 and 3 are visually representdéigure 4.2,Figure 4.3, andrigure 4.4,

respectively.

4.1.1.4 Airway Measurement

Airway measurements were completed on the manual airway segmentation results
obtained from the in vivo micro-CT datasets. From observations of mouse airway casts
and 3D renderings of the mouse airway tree from micro-CT datasets of the C57BL/6, A/J,
and BALB/c inbred mouse strains it can be seen that the major airways in the mouse have
nearly a zero bifurcation angle at the carina which is almost perpendicular to the central
axis of the imaging plane. However, the mouse airway tree cannot be modeled as an
object with a circular cross section due to the unique geometrical properties, dependent
upon the inbred strain, which would not be represented under this assumption.

Therefore, an ellipse was fitted to the perimeter of each airway segment and the
area, major and minor diameters, as well as the centroid were recorded with respect to the
inner airway wall. The area and major and minor diameters were measured at 50% of the
branch length for each of the identified airway branches. Five segments were averaged to
give a mean value of these airway metrics relative to a position within the branch.

The branch length was defined as the length between two bifurcations. The start
of the branch was specified at the airway segment of interest within the slice at an
identified bifurcation and the end of the branch was specified at the airway segment of
interest within the slice at the subsequent bifurcation. The length of the branch was
measured between the centroids of the two airway segments of interest using the 3D
Euclidean distance metric where the distance (D) between centroid 1 (with coordinates

(X1, Y1, Z1) ) and centroid 2 (with coordinatesxX », Z,) ) was:
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D= %— XV +(Y- %) +(2,-2,)7 44

4.1.2 Ex VivoMicro-CT Imaging
For each mouse that was imaged in yitie lungs were fixed at full inflation of
20 cmHO and were re-imaged on the micro-CT system. Processing of the resulting
image data included conversion to a useable file format as outlined in section 4.1 and

segmentation of the lung structures.

4.1.2.1 Lung Segmentation

The segmentation of the lung boundary in the fixed lung micro-CT scan was
necessary for calculation of the fixed lung volume. This was performed using the
AMIRA software program. The entire lung was segmented manually and a mask file was
generated. The resulting voxels were summed to give a total volume and multiplied by

the image resolution of 28 um in all three dimensions.

4.1.2.2 Ex VivoAirway Segmentation and

Measurement for Comparison to

the LIMA Images

Manual segmentation of the airways in ghevivomicro-CT dataset was
completed using an in-house built software program for lung image analysis, Pulmonary
Analysis Software Suite (PASS). Only the airways that were common to both the micro-
CT and corresponding LIMA images were segmented for validation of the airway
measurements, section 4.6. The resulting segmentations were saved as binary image files
as regions of interest.

Again, an ellipse was fitted to the perimeter of each airway segment and the area,
major and minor diameters, as well as the centroid were recorded with respect to the
inner airway wall. The area and major and minor diameters were measured for each of

the identified airway segments common to botheth@ivomicro-CT and LIMA images.
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4.2  LIMA Imaging

The high resolution bright field LIMA images—acquired sequentially from apex
to the base of the mouse lung—contained 36 subtile images at 20x magnification that
were stitched together to form one composite image. Likewise, each high resolution
BFST LIMA image—acquired at three locations apex, mid, and base of the lung—
contained 144 subtile images at 60x magnification that were also stitched together to
form one composite image. The composite images were generated using an automated
photomerge algorithm in Adobe Photoshop (Adobe Systems Inc, California). Once the
composite images were created the image files were cropped to the same size so they
could be treated as a 3D image stack.

Analysis of the LIMA images included identification of the lung structures within
the LIMA datasets as well as comparisons of the lung structures visible between the
micro-CT, LIMA, and histology images, section 4.5. In addition, airways common to
both the ex vivanicro-CT datasets and LIMA datasets were segmented and measured for

validation of the airway measurements, section 4.6.

4.3 Histology Imaging

Histology is the gold standard for evaluating microscopic anatomical structures,
such as the cellular and tissue content, of organs. Unlike the anatomical mouse lung
structures visible in the micro-CT images, such as the major conducting airways, the
smaller airspaces including the alveolar ducts and alveoli cannot be evaluated based on
the resolution limitation of the Micro-CAT Il. Therefore, characterization of the smaller
airspaces in the C57BL/6, A/J, and BALB/c inbred mouse strains was performed on the
histology images.

Previous research presented the differences in these smaller airspaces of inbred
mice and made an evaluation of the size based on the mean chord length of the airspaces,

on formalin fixed lungs. It was found that within the sampled region of the left lung there
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was a significant difference between the mean chord length of the C57BL/6, A/J, and
C3H/HeJ inbred mice [36]. However, this was limited to a very small region of sampled
lung and did not take into account the possible heterogeneity effects that could influence
the mean chord length of the airspace in different strains of mice or from the left or right
side of the same lung.

The mean chord length technique is a stereological measure for quantifying lung

airspace. Itis defined as:

iCLairSi
MCLa=-2—— ClairS={se CLaifs> 8 s< 300} 4-5

n

We acquired approximately 35 histology slides for each lung that was sectioned
and imaged on the LIMA system. The sampling process we initiated for the resulting
slides involved splitting the lung into three regions of the lung: the apex, mid, and base.
The middle four histology slides within each region were chosen as the samples for the
airspace analysis of the apex, mid, and base regions. Within each region, the left and
right sides were sampled separately. This allowed us to investigate if there were any
regional differences in the small airspaces of the C57BL/6, A/J, and BALB/c mice. For
each slide, three subtile images from the left side and three subtile images from the right
side were collected. These subtile images were chosen at semi-random locations within
the lung tissue while avoiding any large vessels or airways and were 1072 x 932 pixels in
size with a resolution of 0.504 pum per pixel. This resulted in a total of 216 images
analyzed for each strain.

Each image was analyzed for mean chord length of alveolar airspace in an
automated program developed in Matlab (Mathworks, Massachusetts). This was
performed by placing evenly spaced parallel test lines throughout each image at a spacing

of 10 um. The start and end of each airspace wall were identified as the inflection points
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on the intensity curve along each test line. Logging the start and end of each wall
intersected enables the calculation of the mean chord length of the ailsgace4.5.

A maximum and minimum chord length condition was included in the assessment of the
mouse airspaces and was established empirically. The maximum chord length was
established as 400 um and the minimum was 8 pm. The minimum was set to avoid the
influence of red blood cells or small pieces of torn tissue that could potentially skew the
data. The maximum was established because there were no chords longer than 400 pum
recorded. The resulting data included the mean chord length for the airspace calculated
for each strain at the apex, mid, and base regions for the left and right lungs. In addition,
the frequency chord length distributions for each strain at the apex, mid, and base regions

for the left and right lungs was also compiled.

4.4 Multi-Modal Image Regqistration

Image registration is the process of transforming different image sets into a
common coordinate system. This is useful because it provides a means to quantitatively
compare image content extracted from different image sets with respect to the same
region. In this research, 3D image registration was completed fex tigomicro-CT
to the LIMA datasets. We also aligned each histology slice in 2D to its respective LIMA
image. This was important to compare lung structures visible in the micro-CT and LIMA
and verify the smallest structures resolvable using micro-CT, validate that the airway
measurements from the micro-CT images were repeatable in images that were not
generated through the use of reconstruction algorithms, and provide a direct
correspondence between histology sections and micro-CT images of the same lung for
future radiologic and pathologic comparisons.

There are many metrics utilized in image registration. Mutual information is a
common technique for registering image datasets acquired through different modalities

[68, 69]. It is based on the concept that between two image sets with regions of similar
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tissue there exists a relationship between grey values that is measured from the entropy
between images. For example, the mutual informatjdsgetiveen two image#é&@nd B

can further be defined as:

I(AB= H(A+ H(B)—- H(B,A) 4-5

where the first two terms, H(AnhdH(B), are the Shannon entropies of image A and B
calculated from the probability distributions of the grey values in imAgexd B. The

final term, H(BA) is the joint entropy between imagesAd B [69]. This equation can

be summarized as maximizing the mutual information in any two images relates to
minimizing their joint entropy while still taking into account the entropies of the separate
images.

The AMIRA software package was utilized to perform registration between the ex
vivo micro-CT and LIMA datasets. The 3D registration was performed with a rigid affine
transformation utilizing the normalized mutual information metric. To begin, the lung
parenchyma was manually segmented from both datasets. This enabled the registration
algorithm to focus on the lung boundaries and internal structures such as vessels and
airways, rather than the high contrast heart and catheter. The input exoneeCT
image dataset was set as the model and transformed to the reference LIMA image dataset.
Once theex vivomicro-CT dataset was registered, it was resampled, maintaining its
original voxel dimensions, into the coordinate system of the LIMA dataset. Finally, the

resampled ex vivmicro-CT dataset was exported as a series of 16bit 2D tiffs.

4.5 The Smallest Resolvable Lung Structures in Micro-CT

We had previously established that the resolution limitation for the Micro-Cat Il
system was 55 um using a tungsten wire phantom. However, this was under ideal

conditions where there existed high contrast between the wire and surrounding phantom
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material and there were no motion artifacts [40]. Assuming that in a fixed lung we can
eliminate motion and resolve structures down to 55 pum there is still uncertainty as to
what anatomical structure in the mouse lung this would constitute. Unlike the human
airway system that transitions from the terminal bronchielesspiratory bronchioles
alveolar ducts — alveoli, the mouse airway system transitions very quickly from the
terminal bronchioles— alveolar ducts — alveoli. Since the mouse airways are thin
walled structures it is hard to distinguish the terminal bronchioles from the alveolar ducts
using micro-CT. Therefore, we have utilized the high resolution LIMA and BFST
images to verify lung structures of the same size within the micro-CT that can be
resolved.

Registration of thex vivomicro-CT to the LIMA datasets provides a means for
verification of the lung structures that can be resolved in our micro-CT images using the
Micro-CAT Il system. The bright field LIMA images provide depth and color
information with a resolution of 10x greater than the micro-CT images in the x-y plane.
However, due to the nature of the lung tissue, it is difficult to clearly recognize
boundaries at high resolutions using the bright field LIMA images as a result of the depth
of field inherent to the microscope. Therefore, we have also utilized the bright field
segmentation tomography (BFST) images which increase the surface contrast of the lung
tissue and produce clearer boundaries of lung structirge 3.9. In addition, the
same regions of interest from the corresponding histology images were selected to serve
as the ground truth for the identification of airways with visible airway walls, alveolar
ducts, or individual alveoli.

In order to make sure that the smallest structures resolvable in the micro-CT
images were the same across the C57BL/6, A/J, and BALB/c mice, a region of interest
from the registered micro-CT and LIMA images of each strain was chosen. These were
identified based on an airway or vessel landmark that was discernable between the

different image sets as the starting position and the images were zoomed into the same
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magnification. Manual segmentation of multiple structures, which reached the observers’
threshold for identification in the micro-CT image within the specified region of interest
was completed and the same structures within the bright field LIMA and BFST LIMA
were also segmented. The corresponding histology slice from the LIMA was utilized to
verify that a structure of similar size was an airway (if it had a defined wall), alveolar
duct, or alveoli.

For each of the three inbred strains investigated, it was found that no lung
structure smaller than approximately 100 um in diameter could be resolved in the ex vivo
micro-CT scan. These structures were identified and confirmed using the registered
LIMA images. However, not every 100 um structure that was identifiable within the
LIMA images could be defined in the corresponding micro-CT. This can be attributed to
reaching the resolution limitation of the Micro-CAT Il in combination with the partial
volume effects. Due to the partial volume effects, the CT number for pixels containing
structures smaller than the resolution limit would contain a mixture of both lung tissue
and air. This would contribute to the blurred edges and inconsistent intensity of these
small structures and explain why some are not distinguishable depending on their shape
and where they were located.

From comparison of the registered micro-CT and LIMA mouse lung images we
have concluded that the smallest structures we have identified are the alveolar ducts,
Figure 4.6 andrigure 4.7. From the BFST images, verified through histology, the
alveolar ducts can be seen as the structures ranging between 100-200 um and the alveoli
can be visualized as the structures adjacent to the alveolar ducts and the tissue
surrounding the ducts ranging between 30-45 um. Comparing the registered BFST
images to the micro-CT images at the same magnificdtignre 4.7, we have identified
that some alveolar ducts are visible (yellow box) while no alveoli can be discerned.
These structures could also potentially be terminal bronchioles (red box) transitioning

into alveolar ducts. We have, based on the corresponding histology, identified both
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alveolar ducts and terminal airways to be between 100-200 um. However, the most

“terminal” lung units we can define in the micro-CT images are alveolar ducts.

4.6 Micro-CT Airway Measurement Validation

The LIMA system was used to serve as the ground truth for the airway
measurements made in the micro-CT images since it is not reliant upon reconstruction
algorithms for generating the image data. We segmented the major conducting airways
in the registered micro-CT and LIMA images and calculated the major diameters and
minor diameters. The percentage error between the micro-CT and LIMA images of the
segmented airway measurements was then calculated.

The smallest difference was found to be 8 um, which was 0.5% error between the
micro-CT and LIMA images. This would be equivalent to less than one pixel in the
micro-CT image. The largest difference was found to be 124 um, which was 7% error
and equivalent to approximately four pixels in the micro-CT image. Overall, from the
guantified small differences, Table 4.2, between the image data we can conclude that the
micro-CT images can be used to extract accurate airway measures of the mouse lung.
The variation seen between the airway measures in the LIMA and micro-CT images can
be attributed to the differences in image content between the LIMA and micro-CT images
and the manual observers’ ability to clearly distinguish the airway boundaries within four

pixels of the micro-CT dataset.
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Figure 4.1: 3D Reconstruction of the mouse lung. a) The entire lung is rendered including the airway tree. b) The
individual lobes are color coded and rendered with the airway tree for separate visualization purposes.
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Region 1 (voxels)
Region 2 (voxels)
Region 3 (voxels)
K

TP

FP

Obs.1 vs. Obs. 2
226,682
4,265,083
392,742

0.932

95.0%

8.4%

Obs. 1 vs. Obs. 3

310,139

4,181,623
388,165
0.923
93.1%
8.5%

Obs. 2 vs. Obs. 3
250,623

4,319,165
334,366
0.936
94.5%
7.2%

Table 4.1: Comparison of the manual airway segmentation agreement between
three observers.
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Figure 4.2: Observer 1 vs Observer 2 Airway Segmentation Validation. a) The region identified only by observer 1 on an
individual 2D image. b) 3D reconstruction of region identified only by observer 1 over the entire micro-CT dataset. c¢) The
region identified by observers 1 and 2 on an individual 2D image. d) 3D reconstruction of region identified by observers 1 and
2 over the entire micro-CT dataset. e) The region identified only by observer 2 on an individual 2D image. f) 3D
reconstruction of region identified only by observer 2 over the entire micro-CT dataset. g) Overlap of all three regions

A
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Figure 4.3: Observer 1 vs Observer 3 Airway Segmentation Validation. a) The region identified only by observer 1
on an individual 2D image. b) 3D reconstruction of region identified only by observer 1 over the entire micro-CT
dataset. c) The region identified by observers 1 and 3 on an individual 2D image. d) 3D reconstruction of region
identified by observers 1 and 3 over the entire micro-CT dataset. e) The region identified only by observer 3 on an
individual 2D image. f) 3D reconstruction of region identified only by observer 3 over the entire micro-CT dataset. Q)
Overlap of all three regions.
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Figure 4.4: Observer 2 vs Observer 3 Airway Segmentation Validation. a) The region identified only by observer

2 on an individual 2D image. b) 3D reconstruction of region identified only by observer 2 over the entire micro-CT
dataset. c) The region identified by observers 2 and 3 on an individual 2D image. d) 3D reconstruction of region
identified by observers 1 and 3 over the entire micro-CT dataset. e) The region identified only by observer 3 on an
individual 2D image. f) 3D reconstruction of region identified only by observer 3 over the entire micro-CT dataset. Q)
Overlap of all three regions.
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Figure 4.5: Histology subtile images with intercepts along the equally spaced test lines. The red markers indicate
the start of a airspace and the blue markers indicate the end of an airspace. An example subtile image is given for each
of the strains in a) C57BL/6, b) A/J, and c) BALBI/c.

www.maharaa.com

LL



100 um 100 um

Figure 4.6: Registered ex vivo micro-CT, bright field LIMA, BFST LIMA, and histology of a BALB/c mouse

lung. An example a) 2D slice of the registered ex wmero-CT image, b) corresponding bright field LIMA, c¢) BEST
LIMA, and d) histology image. In addition a zoomed in region of interest is given for éxevajomicro-CT from

the right lung , f) corresponding bright field LIMA, g)BFST LIMA, and h) histology.

www.maharaa.com

8L



Figure 4.7: Region of interest from the registered ex vivo micro-CT, bright field LIMA, and BFST LIMA lung

used to verify the smallest lung structure visible in micro-CT. An example of two structures visible in all three

images is highlighted by the red and yellow boxes in a) the micro-CT, b) bright field LIMA, and ¢)BFST LIMA. The
two structures within the red box were verified as terminal airways and the structure in the yellow box were verified as
alveolar ducts in the BFST and histology images
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LIMA

Micro-CT

Difference
(% error)

Slice Number

13

17

21

79
241

313

385

4-79
13-241

17-313

21-385

Airway Label

TRACHEA
RMB2
LMB1
DiIRMB3
AzRMB3
DiRMB5
LMB5
TRACHEA
RMB2
LMB1
DIRMB3
AzRMB3
DiRMB5
LMB5
TRACHEA
RMB2
LMB1
DIRMB3
AzRMB3
DIRMB5
LMB5

Measurements (mm)

Max. Diameter
1.939

1.753

1.599

1.251

1.137

0.983

0.681

1.880

1.629

1.607

1.234

1.162

0.961
0.629

0.059 (3.0%)
0.124 (7.0%)
0.008 (0.5%)
0.017 (1.3%)
0.025 (2.1%)
0.019 (1.9%)
0.052 (7.6%)

Min. Diameter

1.201

1.500

0.912

0.917

0.819

0.594

0.437

1.110

1.528

0.940

0.873

0.769

0.585

0.475

0.091 (7.6%)

0.028 (1.9%)
0.028 (3.1%)
0.044 (4.8%)
0.050 (6.1%)
0.009 (1.5%)
0.038 (8.7%)

Table 4.2: Airway measurements between corresponding LIMA and micro-CT

airway segments.
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CHAPTER 5
LUNG PHENOTYPES IN THE C57BL/6, A/J, AND BALB/C
INBRED MOUSE STRAINS

51 Mouse Airway Nomenclature

Development of a systematic nomenclature for labeling the airways is essential
for anatomical investigation, comparative and quantitative analysis, as well as facilitating
the interpretation of physiological studies based on the knowledge of lung structure.
Existing methods include clinically relevant anatomical labeling schemes as well as
numerical methods that are more appropriate for analysis of relationships between the
number of branches, the radius of the branches, and path lengths in symmetrical versus
asymmetrical dichotomous systems [35, 70-73]. In this section a background
investigation into the development and application of these techniques will be laid out to
create a foundation for the rationale and development of a new mouse airway
nomenclature.

Historically, the bronchi have been labeled anatomically in order to aid clinicians
in identifying and locating disease conditions that are localized to certain regions within
the lung. For instance, bronchogenic carcinoma, which most commonly occurs in the
lobar and segmental bronchi, produces characteristic patterns on chest radiographs that
are based on their anatomical location [71]. In addition, other disease conditions are
more likely to affect specific segmental bronchi such as aspiration pneumonia. This
indicates the importance of having a naming system that can be used collectively among
clinicians and researchers when making assessments based on airway location.

The nomenclature systems developed for the human airways include that of
Jackson and Huber and Boyden [70, 71]. Both systems are based on division of the lobes
into sub lobes and classifying the bronchial segments into the sub lobe regions in which

they occupy. Table 5.1, shows the correspondence between the Jackson-Huber and
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Boyden nomenclatures. The nomenclature system of Boyden, has been particularly
useful in imaging applications of airway analysis since it is based on numbering of the
bronchi from their lobe and sub lobe locations and it has thus been applied to an
automated approach of locating and labeling the human airway tree [74].

The Boyden nomenclature is based on the three lobes of the right lung and the
two lobes of the left lung in the human pulmonary system. The three right lobes are
referred to as the right upper (RU), the middle lobe (ML), and right lower (RL); the two
left lobes are the left upper (LU) and left lower (LL). These lobes are further broken
down into sub lobe regions and the numbering of the bronchi corresponds to the
anatomical positioning of the bronchi within these sub lobes [70]. Figure 5.1, shows the
Boyden nomenclature applied to a schematic of the human airway tree and a table for
numbering of the airways for the left and right sides of the lung. Although the
development of the Jackson-Huber and Boyden nomenclatures have aided in classifying
the anatomy of the human airways, it is still difficult to count the total number of airways
and their generation number as the bronchial tree divides dichotomously and becomes
more complex. Therefore, numbering approaches have been developed for the analysis
of relationships between airway generation and the geometrical properties of the airways.

In 1963 Weibel published his analysis of the human bronchial tree [73]. In this
work the author generated a resin cast and measured the airways completely up to
generation 5 and incompletely up to thd' i@neration. Anything beyond the™.0
generation was then examined by conventional histological techniques. In order to
successfully analyze the airway tree, a binary numbering scheme from the top down was
developed, making the assumption that the airway tree follows a symmetric dichotomous
branching pattern. In this model, if n is the generation number and n=0 at the trachea then
the total number of branches at any given generation woull-veth the assumption
that each parent branch gave rise to two daughter branches of equal length and diameter.

From this model, each bronchial segment could be labeled based on its location with
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respect to the trachea (origin) and its generation [73]. The labels started with A—the
reference to the origin or the trachea and were followed by an a or b at each generation.
For instance, at the first generation) e two branches would be: Aa and Ab. Figure

5.2, shows the code for the branches for generations 0-3. The development of this system
by Weibel and the resulting analysis greatly expanded the knowledge of the human lung
structure and served as the basis for future research on the morphology of the human
lung.

However there were still unanswered questions on certain assumptions made
about the human lung structure and function, so in 1968 Horsfield and Cumming
proposed a new method for numbering the airway tree in order to study the morphology
and asymmetry of the bronchial tree in the human lung. Unlike Weibel, Horsfield and
Cumming found the assumption of symmetrical dichotomy to be problematic because it
did not group like with like in terms of the flow carried through the airways and it was
therefore a poor means of classification of the branches from a functional point of view
[72]. Although they still regarded the human bronchial tree as a dichotomously
branching structure they wanted to incorporate the validity of asymmetry in their analysis
of the morphology of the bronchial tree. Their new numbering technique of the airway
tree, which allowed for asymmetry, was developed to order branches with similar
function (size) by numbering the airway tree from the bottom upward. Utilizing this
technique, an asymmetrical branching system became a symmetrical system with some
branches missindsigure 5.3.  Therefore, asymmetrical systems that do not have the
same branches on both sides of the lung are numbered in a way that branches similar in
respect to structure and function are labeled with the same number.

The branching pattern of the airway tree has been a point of interest in the human
for many generations; however, there are still many animals for which we do not have a
concrete understanding of the airway structure. Direct application of the techniques used

for labeling the human airways is not always practical for other mammalian species due
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to variations in branching patterns including: trichotomy, polychotomy, and monopody.

As research continues to utilize animal models, in particular mice, for studying human
disease conditions in the lung it is also vital to have a useful nomenclature customized for
the mouse airway tree.

Wallau et al. in 2000 created a nomenclature for the entire rodent mammalian
order. The goal was to develop a nomenclature that described and classified rodent lungs
in order to assess relationships between species using biological systematics (i.e.
phylogenetic analysis). The new nomenclature of the bronchi and lung lobes was created
to denote as many homologous structures as possible across multiple species. The author
followed the rules that have been established for generating order numbers for branches
stemming from bifurcations and trifurcations. Branches that exhibited a monopodial
branching pattern were considered as stem bronchi with an order of zero and all the side
branches that projected off of the stem were assigned an order of 1.

Labeling of bronchi was based on regional locations relative to the pulmonary
artery and was broken up into two categories: the eparterial region and the hyparterial
region. The eparterial region lies cranial to the point where the pulmonary artery crosses
the stem bronchus and the hyparterial region lies caudal to the crossing. The bronchi
were further classified based on being stem bronchi or row bronchi. The stem bronchi
consist of one on the right and left side and traverse to the base of the lung. The row
bronchi are modeled as a helical pattern around the stem bronchi and are labeled as
lateral, dorsal, medial, and ventraigure 5.5.

Application of this nomenclature to the mouse airway tree revealed many
drawbacks to using this technique for morphometric analysis. First and foremost the
system only considers two main stems, one on the left lung and one for the four lobes of
the right lung. The other branches which feed into the other lobes on the right lung are
factored as row branches and compared with other row branches rather than main stems.

This is problematic in morphometric studies because a comparison of branches with
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similar structure and function is crucial and using this system would classify dissimilar
branches as similar. Second, main stems do not have specific labels given to them in
between row bronchi. Finally, no specified rules were given to deal with airways that
branched after the first order bronchi.

Through visualization of the 3D airway tree from the three strains of mice
analyzed in this work, it was clear that the mouse airway tree required a new
nomenclature to allow for meaningful cross-correlative studies. Therefore, we developed
a nomenclature specifically for the mouse airway tree, taking into account the accepted
airway nomenclatures that exist, and developed an anatomically significant nomenclature
that is a hybrid of the previous techniques and can be used for identification of the
anatomical structures and comparative analysis to reveal intra-strain and inter-strain
variability. In addition, the nomenclature has a numbering scheme built in to keep track
of the generation number as well as anatomical position.

The normal mouse lung consists of four lobes of the right lung and a single left
lung as seen irkigure 2.4. Therefore, the labels for the airway segment of interest begin
with an indicator of the lobe in which they occupy namely: Left (L), Apical (Ap),

Azygous (Az), Diaphramatic (Di), and Cardiac (Ca). Due to the monopodial branching

of the mouse airways a main bronchus (MB) stem was assigned to traverse to the base of
each lobe. For instance, in the Apical lobe the Apical Right Main Bronchus (ApRMB)
traverses to the base of the lobgure 5.5. The first generation of bronchi (B) that

offshoot from the lobar main bronchus are split into divisions denoted by capital letters
such as A, B, and C, and preceded by the letter B indicating a bronchi as opposed to MB
for the main bronchus. For example, the first offshoot from ApRMB2, would be labeled

as ApRBAZ3, where this segment is from the Right Apical lobe (ApR), it is a bronchi (B)
and is the first offshoot (A). In addition, it is th€ §eneration from the trachea.

Divisions off of these bronchi are further distinguished by assignment of a lower case

letter a,b,c. For example, the first division off ApRBA3 would be labeled ApRBA4a,
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where this refers to the Right Apical lobe (ApR), it is the first offshoot bronchi (BA) and
the first division (a). Here we can see that the generation number is 4, and its location in
the label is now fixed after the first offshoot (BA). The next generation is labeled using
roman numerals such as i, ii, and iii. For example, the first sub division off ApRBA4a
would be labeled ApRBA5ai. In all segments, the assigned number represents the
generation of that segment with respect to the pathway from the trachea which is defined
as generation 0. An example of the nomenclature applied to a mouse airway schematic is
shown in Figure 5.5. Table 5.2 represents the label, anatomical name, and generation
number, through the fourth generation, for the labels that are depicted in the schematic.

This nomenclature is sufficiently expandable for the current capabilities of in vivo
micro-CT imaging as utilized in this work. However, with further development and
improvement in the resolution of such imaging systems, this nomenclature may need to
be adapted to allow for previously indiscernible airways in addition to extension of the

number of generations that are then visible.

52 In Vivo Lung Characterization

As described in section 3.2 in vimacro-CT imaging was performed at three
positive airway pressures (PAP) (10, 20 & 30¢@Hon each mouse strain. Two groups
of mice were scanned to obtain the datasets used in this work. The first group was
scanned at 20 cm@ with an n=3 per strain, while the second group of mice was
scanned at 10, 20 and 30 cpdHwith an n=3 per strain. In total there are six in vivo

micro-CT scans at 20 cmB and three at 10 and 30 ca@for each mouse strain.

5.2.1 Mouse Airway Tree Phenotypes
Segmentation of the airway tree from the C57BL/6, A/J, and BALB/c mice has
been performed using the image processing techniques described in section 4.1.
Visualization of these airways in 3D is important and has revealed the distinct branching

pattern in the mouse lung. Through the use of such 3D models we have developed an
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appropriate mouse airway nomenclature, section 5.1, in order to make quantitative

comparisons across inbred mouse strains at multiple PAP’s.

5.2.1.1 Qualitative Assessment

The lung in the C57BL/6, A/J, and BALB/c inbred mouse strains we investigated
contained a single left lung and four lobes in the right lung as previously reported. These
mouse strains were also confirmed to exhibit a monopodial airway branching pattern that
feeds the right and left lungs. Each lobe is fed by a main stem that traverses to the base
of the lobe. Side branches can be identified off of these main stems and are most
prominent in the Diaphragmatic lobe and the Left lung where motion artifact is not as
significant as in the Azygous and Cardiac lobes due to their close proximity to the heart.
Using the in vivanicro-CT datasets, identification of airways down to 200 pum can be
made, where we believe this is the transition point into terminal bronchioles. However,
such identification, as discussed in section 4.5, was not reliable for each airway path and
guantitative assessment has been limited to structures no smaller than 500 um. Using the
in vivo datasets we have also confirmed that the mouse airway tree quickly diverges from
large airways (main bronchi) to small airways (terminal bronchioles) in a non-
dichotomous fashion within a few generations. In addition, we know that the terminal
bronchioles do not transition into respiratory bronchioles. Instead, the terminal
bronchioles feed straight into the alveolar ducts. This has also been confirmed using the
in vivoto ex vivamouse lung acquisition techniques as detailed in section 4.5. This fast
transition further increases the difficulty to reliably identify airway paths between 200-
500 pm.

Visually, a substantial difference is observed in the airway dimensions between
the C57BL/6 mouse strain and the A/J and BALB/c mouse stiéimse 5.6. The main
bronchi in the C57BL/6 display enlarged regions around points where the branches split

whereas the main bronchi in the A/J and BALB/c do not seem to exhibit the same

www.manaraa.com



88

characteristics. Also, from qualitative assessment of the 2D transverse images of the

main bronchi in the C57BL/6 mouse, the airways appear significantly larger.

5.2.1.2 Quantitative Assessment

In addition to qualitative assessment of the airway tree, quantitative
measurements at three PAP’s of 10 (n=3), 20 (n=6), and 30 (n=3)xfHeach mouse
strain have also been made as described in section 4.1.1.4. Tabulated values for the area,
major and minor diameters, and branch length for the C57BL/6, A/J, and BALB/c strains
at the three PAP’s have been compiled and reported, Table 5.3, Table 5.4, and Table
5.5. This is the first comprehensive report of mouse airway metrics (encompassing both
central and peripheral) using in vivonaging techniques [39].

To visualize the trends in the data tabulated in Table 5.3, Table 5.4, and Table
5.5, plots were generated using a ‘pathway’ approach where each graph represents
measurements at each PAP for multiple generations leading to an endpoint/branch
segment. For example, Figure 5.7 @presents the relationship of mean airway area
versus generation for the DIRMB path in the C57BL/6 mouse strain. This plot includes
the right main bronchus for generation one and two (RMB1, RMB2), the Diaphragmatic
lobe segments including DIRMB3, DiRMB4, DiIRMB5, DiIRMB6, and finally the end of
the measured path-DiRMB7. Plots for each metric, including major and minor diameters
and branch length have also been compiled for this path as shown in Figure 5.7(b-c). In
addition, plots for all of the measured paths (RMB, ApRMB, AzZRMB, CaRMB, DiRMB,
DiRBA, DIRBB, DIRBC, DiRBD, LMB, LBA, LBB, LBC, LBD) for each strain at 10-

30 cmHO PAP’s have been compiled and included in Appendix A, figures A1-A36.

C57BL/6 Airway Evaluation

The mean area measurements of the C57BL/6 strain confirm the ‘bulging’ pattern
of the airways in the right and left lungs as initially identified through the qualitative

assessment. As presented in Appendix A figures A1-A3 there is an increase in the mean
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airway area from RMB1 to RMB2 and LMB1 to LMB2 at all three PAP’s of 10, 20, and

30 cmHO. Also, on the right side of the lung this change in size is greater between 10
and 20 cmHKHO, when compared to the change between 20 and 3g@mFhis trend is

only observed between the first and second generation. While generation 3, 4, 5, and 6 on
the right lung exhibit a greater increase between 20 and 3g@mFhe left side differs

from the right where there is a smaller increase in area between 10 and X0 anaa

larger increase in area between 20 and 30.£fkbm generations 2 to 4. This suggests
there is a difference in the airway distensibility of the left and right lungs at these
measured PAP’s.

In both the right and left lungs the smallest airways measured, which include
DiRMB7, DIRBD7, and LBD5, do not reach a plateau and the airway dimensions (area,
major and minor diameter, Appendix A figures A4-A12) continue to decrease. This is to
be expected as we have not measured the terminal airways due to the resolution limit of
the micro-CT scans.

Finally, the trend for branch length measurements does not appear to have as a
dramatic difference with respect to the airway pressure at each generation as does the
area and diameter values.

A/J Airway Evaluation

In contrast to the C57BL/6 there is a decrease in mean airway area from RMB1 to
RMB2 as seen in Appendix A figure A13(a). This trend follows our visual assessment
where there does not appear to be any ‘bulging’ of the airway regions. However, in the
left lung, we do observe an increase between LMB1 to LMB2, although not as dramatic
as in the C57BL/6 strain. Through the qualitative assessment this observation was not
apparent and further emphasizes the importance of quantitative assessment.

In the A/J strain, in both the left and right lungs the trends for the pathways
indicate that there is a limiting increase in mean airway area past 20cmhis can be

seen in Appendix A figures A13-A15 where there exists a substantial increase in the
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mean airway area between 10 and 20 ginHivhile there is only a small difference

between 20 and 30 c@8. This indicates that the airways cannot be distended

significantly past the 20 cnm@ positive airway pressure. This is an important

observation, and could potentially be used to define the total lung capacity of the mouse
lung, a variable which is debated [33] and currently unknown. In addition, the total lung
capacity of the mouse lung may be dependant upon the strain as this relationship varies in
the results found here.

Similar to the C57BL/6 the trend for branch length measurements does not appear
to have a dramatic difference with respect to the airway pressure at each generation as
does the area and diameter values.

BALB/c Airway Evaluation

Similar to the A/J but in contrast to the C57BL/6, the airway measurements for
the BALB/c inbred mouse strain as seen in Appendix A figure A25(a) reveals a decrease
in mean airway area in the right lung between RMB1 and RMB2. This trend is also
confirmed by our visual assessment where no enlarged airway regions appear. However,
similar to both the C57BL/6 and A/J strains, there is an increase in mean airway area
between LMB1 and LMB2, Appendix A figure 27(c). This increase in the BALB/c strain
is not as dramatic as the C57BL/6 strain, however it is an important finding that is missed
through visual inspection.

In the BALB/c strain, in both the left and right lungs the trends for the pathways
indicate that there is a greater increase in mean airway area between 10 and@Q0 cmH
than between 20 and 30 caf This limited increase that was also observed in the A/J
indicates that the airways cannot be distended significantly past the 2Mquokitive
airway pressure. However, unlike the A/J strain, the BALB/c has a different rate of
change between the 20 and 30 c@Hor the DIRMB pathway at generation 3 and 4.

Here there is a greater increase in mean area between 20 and 0 whet compared

to 10 to 20 cmKD. This is a counterintuitive observation, as it indicates an increase in
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compliance. This is likely due to the error in measuring the major diameter using the
manual segmentation approach from airways that may not be perpendicular to the

imaging plane. It also appears that, like both the C57BL/6 and A/J strains, the trend for
branch length measurements is not as dramatic with respect to the airway pressure at each
generation.

Statistical Analysis

Linear mixed model analysis was used to compare mean airway measures (area,
major and minor diameters) among the 3 strains at PAP’s of 10, 20, and 30 cChiie
fixed effects in the model were strain, PAP, generation, and strain*PAP interaction. A
significant strain*PAP interaction indicates that the magnitude of differences among the
strains varies significantly with PAP level. Thus, pairwise mean comparisons between
strains have to be tested at each level of PAP. This was done using test of mean contrasts
with the p-values adjusted using Bonferroni’s method to account for the number of tests
performed (i.e. 3 pairwise mean comparisons between strains at 3 PAP levels = 9 tests).
This analysis was performed for the main bronchus pathways of each lobe. The mean
(SE) estimates and results of the test of the strain comparisons at each of the lung lobes
are shown in Table 5.6 for areBable 5.7 for major diameter, and Table 5.8 for minor
diameter.

Significant differences were found for multiple main bronchi pathways in certain
lung regions between the C57BL/6 inbred strain and both the A/J and BALB/c strains.
For instance, at 10, 20, and 30 cs6Hhe CaRMB pathway of the C57BL/6 was
significantly different (p < 0.001) for area, major, and minor diameters compared to both
the A/J and BALB/c strains. In addition, the RMB pathway of the C57BL/6 was
significantly different (p < 0.0002) for area and major diameter compared to the A/J and
BALB/c strains. However, there were no significant differences found for the RMB
pathway of the C57BL/6 compared to the A/J and BALB/c strains based on the minor

diameters. This indicates that the major diameter measure is more sensitive to the
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‘bulging’ region which is non-circular. The DiIRMB and LMB pathways for the C57BL/6
were also found to be significantly different (p < 0.05) compared to the A/J and BALBI/c
strains.

No significant differences (p > 0.99) were found between the A/J and BALB/c
strains at 10, 20, or 30 crp@ for the airway measures of area, major, or minor
diameters. Also, there were no significant differences detected for any of the PAP’s

between the three strains in the ApRMB and AzRMB pathways.

5.2.1.3 Interstrain Airway Distensibility

Due to the significant differences found in the mean airway measures between the
inbred mouse strains under investigation at each airway pressure, an analysis of the rate
of change or the distensibility of the airways from 10-30 gthas investigated.
Distensibility was defined for the airways as:

p=AA
AP

’ 5'1

whereAA is the change in area for the change in pregsre

We measured and graphed the distensibility in both the left main bronchus and
right diaphragmatic lobe bronchisgure 5.9 (a-b) In the left lung we measured
distensibility for the 6 generations of LMB and found that the C57BL/6 has a greater
distensibility for generations 1-6 than the BALB/c and A/J inbred mouse strains. The
difference in distensibility was the greatest at generation 2 with 0.05&mHO for
the C57BL/6 and 0.022 nfilemH,0 and 0.033 mftcmH,O for the A/J and BALB/c
respectively. Distensibility of the BALB/c airways was found to be greater than the A/J
airways in generations 1-3, while distensibility of the A/J airways was greater than the
BALB/c for generations 5 and 6. On the right lung we measured the distensibility for the
5 generations of DIRMB and again found that the C57BL6 has a greater distensibility for

generations 1-5 than the BALB/c and A/J mice. The difference in distensibility was the
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greatest at generation 2 with 0.070 ffeamH,O for the C57BL/6, and 0.020 nifamH,0O
and 0.025 miiicmH,O for the A/J and BALB/c respectively. Distensibility of the
BALB/c airways was found to be greater than the A/J airways in generations 1-4, while

distensibility of the A/J airways was greater for generation 5.

5.2.2 Mouse Lung Volumes
The mouse lung was segmented to assess the total lung volumes at the multiple
PAP’s using the techniques described in section 4.1.1.1. In addition, the four right lobes
and the single left lung were segmentédure 5.8 and the lobe volumes were calculated

for the C57BL/6, A/J, and BALB/c mouse strains.

5.2.2.1 Total Lung Volume

The mean total lung volumes for the C57BL/6, A/J, and BALB/c mouse strains
were calculated at 10, 20, and 30 ccOHPAP, using the techniques described in section
4.1.1.1. At 10 cmkD the mean lung volumes (SE) for the C57BL/6, A/J, and BALB/c
mice were 844.7 (57.0) pL, 831.8 (77.5) uL, and 897.3 (39.1) uL, respectively. As the
PAP increased to 20 cm@ the total volume of the lungs of the C57BL/6, A/J, and
BALB/c mice increased to 992.5 (39.7) pL, 965.5 (50.2) uL, and 1152.5 (62.5) puL. At
the final PAP of 30 cmpD the C57BL/6, A/J, and BALB/c were 1356.1 (27.8) uL,
1332.6 (61.3) pL, and 1738.3 (54.4) uL, respectively as showgume 5.10. This
finding reveals a substantial rate of increase in the lung volume with respect to PAP for
the BALB/c with respect to both the C57BL/6 and A/J mice. However, there does not
appear to be a distinguishable difference between the A/J and C57BL/6 strains, as
confirmed by the literature measuring the pressure and volume relationship at multiple
airway pressures [30].

Statistical Analysis

A linear mixed model analysis was used to compare the mean total lung volumes

among the three strains at the PAP’s of 10, 20, and 3Q@niHie fixed effects in the
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model were strain, PAP, and strain*PAP interaction. A significant strain*PAP interaction
indicates that the magnitude of differences among the strains varies significantly with

PAP level. Thus, pairwise mean comparisons between strains have to be tested at each
level of PAP. This was done using test of mean contrasts with the p-values adjusted using
Bonferroni’'s method to account for the number of tests performed (i.e. 3 pairwise mean
comparisons between strains at 3 PAP levels = 9 te&tsignificant difference (p <

0.005) was observed at the PAP of 30 ¢fdletween the BALB/c strain and both the
C57BL/6 and A/J inbred strains. There were no significant differences observed for the
PAP’s of 10 and 20 cnmi®.

Since a difference in body weight was observed between the A/J (25.1 £ 0.71 g)
mice at 20-22 weeks old as compared to the C57BL/6 (29.5 + 0.05 g) and BALB/c (30.9
+ 1.53 g) mice we made the assumption that body weight and lung volume were linked.
With this assumption the lung volumes were normalized with respect to body weight,
Figure 5.11.

We again performed a linear mixed model analysis to compare the mean
normalized total lung volumes among the three strains at the three PAP levels studied.
The fixed effects in the model remained the same and were strain, PAP, and the
strain*PAP interaction. The linear mixed model analysis showed a significant
strain*PAP interaction effect (p=0.0003). The mean lung volume differences among the
strains were significantly larger at the PAP of 30 e@Hvhere we found significant
differences among the strains. The normalized mean lung volume of the C57BL/6 versus
the BALB/c was significant (p< 0.005). Although there was a significant difference
between the mean total lung volumes of the A/J and BALB/c (p > 0.003), the differences
in the normalized mean lung volumes of the A/J vs. the BALB/c was not significant (p >
0.05). If the assumption of body weight has a link to total lung volume then the
significant difference between the A/J and BALB/c of the non-normalized mean total

lung volumes may have been due to the difference in size of the animals. There were still
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no significant differences between the C57BL/6 and A/J strains (p>0.05). In addition,
there were no significant differences in the normalized mean total lung volumes among
the strains at PAP of 10 and 20 cgtH The mean lung volume (SE) estimates and
results of the test comparing the strains are shbgnye 5.11.

Table 5.9 compiles the body weight, lung, and lobe volumes that have been

calculated from the lungs of the C57BL/6, A/J, and BALB/c inbred mouse strains.

5.2.2.2 Lobe Volumes

The mean lobe volumes were calculated for the C57BL/6, A/J, and BALB/c
inbred mouse strains at the single PAP of 20 gihtbising the techniques described in
section 4.1.1.1. The left lung in all three strains comprised of the greatest mean volume
with a total of 326.7 puL, 300.9 uL, and 396.5 uL for the C57BL/6, A/J, and BALB/c
respectively. The right lobe with the greatest mean volume in all three strains was the
Diaphragmatic with 284.7 pL, 294.8 pL, and 296.3 uL for the C57BL/6, A/J, and
BALB/c respectively. The total mean volume of the right lobes combined for the three
strains were 665.8 pL, 664.5 uL, and 755.9 uL for the C57BL/6, A/J, and BALB/c
respectively.

Statistical Analysis

A comparison of the mean lobe volumes among the strains was completed using a
one-way ANOVA followed by Tukey'’s test for the pairwise comparison of means
between the strains. The comparison revealed that no significant differences (p>0.05)
were found between the Azygous, Diaphragmatic, or Cardiac lobes in all three strains.
However in the Apical lobe a significant difference was found between the A/J (135.1
pL) and BALB/c (208.1 pL) mice (p< 0.05). In addition, a significant difference (p<
0.05) in the left lung between the A/J (300.9 uL) and BALB/c (396.5 L) mice was also
found. Figure 5.12 graphs the lobe volumes and compiles the mean lobe volume and the

results of the pairwise comparisons
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5.2.3 Pulmonary Function Testing

Pulmonary function tests were carried out on a subset of mice investigated in this
work (n=3 per strain) as described in section 3.2.2. Mean values for the resistance (R)
and compliance (C) were obtained using a custom flexivent script which performed the
appropriate pulmonary function tests six times per mouse prior to micro-CT imaging.
Mean and standard deviations for each mouse strain have been compiled and presented in
Table 5.10. In addition, compiled values from the Mouse Phenome Database (MPD) for
lung function have also been included in Table 5.10 for comparison.

As seen from this data, the values obtained using the flexiytem prior to
imaging are not consistent with the values found in the MPD. There are several variables
that differ between the acquisition of these values. In the empirical data obtained in this
work, we used mice that were 20-22 weeks of age vs 12-14 weeks used in the MPD.
Also, we performed the pulmonary function tests on a SCIREQ flexadoemuter
controlled ventilator, while the MPD data was obtained using an un identified possibly
in-house built system. Furthermore, the pulmonary function tests were performed as an
adjunct to the in vivamaging, and hence were executed on the same long length of
inspiratory and expiratory tubing needed for the imaging ventilation. Although the
flexiventsystem is calibrated for tube resistance and compliance prior to the tests, the
increase in tube length reduces the sensitivity and increases our error. Finally, we
performed the pulmonary function tests on a subset of mice with an n=3 per strain, while
the MPD data was averaged from 12-16 mice per strain. With this in mind, we will make
some observations based on our sensitive imaging results with respect to the MPD lung
function data.

The reported difference in resistance between the C57BL/6, A/J and BALB/c are
not statistically significant, which is counter intuitive to our anatomical results where
there is a significant difference between the C57BL/6 airway dimensions compared to the

A/J and BALB/c. We would expect from our airway measures that the C57BL/6 mouse
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strain would show a lowered respiratory resistance. However, there maybe significant
peripheral airspace differences in the C57BL/6 compared to the A/J and BALB/c mice
that may account for the discrepancy between central airway dimensions and respiratory
resistance.

The reported compliance for the C56BL/6 is significantly lower than the A/J
mouse strain while no significant difference is found with the BALB/c mouse strain.
However, from the airway distensibility measures obtained in this work as presented in
section 5.2.1.3, the C57BL/6 strain has a significantly higher distensibility as compared
to both the A/J and BALB/c strain. Again this seems counterintuitive that the pulmonary
function tests do not follow the same order as those determined using the airway
distensibility values. However, the compliance measure obtained using pulmonary
function tests would also incorporate the influence of the parenchyma tissue. This
suggests that there is a difference in the peripheral airspace between these inbred mouse

strains.

5.3 Ex VivoLung Characterization

5.3.1 Airway Wall Composition

To investigate the ‘bulging’ regions of the central airways found in the C57BL/6
mice, a series of H&E histology slides were assessed for differences in airway wall
composition. The tissue types we were interested in comparing included, airway
epithelium, cartilage, and smooth muscle.

We located tissue sections for the C57BL/6, A/J, and BALB/c strains that
contained the left and right main bronchi where the greatest difference in size was
observed (RMB2 and LMB2). Within these histology samples, there were no apparent
differences between the epithelium and cartilage among the strains. However, there were
obvious visual differences in the amount of smooth muscle surrounding the airway

lumen. This is clearly seen in Figure 5.13. Previous analysis of the airway smooth
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muscle in the C57BL/6, A/J, and C3H/HeJ mice investigated the smooth muscle content
only in a sample of the trachea. It was found that the C57BL/6 mice had less tracheal
smooth muscle than the A/J and C3H/HeJ strains [75]. This indicates that the smooth
muscle composition varies between strains within regions of the airway tree. Additional
analysis quantifying the amount of smooth muscle within the ‘bulging’ region of the
airway tree compared to other airway regions such as the trachea needs to be completed
with special consideration to the tissue sampling and preparation, orientation of sections,

staining, and image analysis techniques applied [76].

5.3.2 Airspace of the Peripheral Lung

The mean chord length was calculated for each strain using the automated image
processing and analysis techniques described in section 4.3. A total of 648 images were
analyzed (n=3 per strain), representing subtiles from the apex, mid and base of the right
and left lung. Table 5.1tepresents the compiled chord length data for this study. The
mean chord length was the greatest in the A/J (48 + 2.55 um) strain compared to the
C57BL/6 (39 £ 1.74 um) and BALB/c (39 = 1.80 pm). This commonly used metric is
best described as an indicator of peripheral airspace size. We were not able to detect
differences in the chord lengths throughout different regions of the lung, and this may be
expected as they are quadrupeds and the effects of gravity would be negligible on such a
small lung. In a previous study by Soutiere, et al a significant difference between the size
of chord length for the A/J was also found when compared to the C57BL/6 [36].

However the BALB/c was not assessed in their study.

In addition to the mean chord length for each mouse, the distribution of chord
lengths at the apex, mid, and base for the left and right lung, as well as the overall
distribution for the left and right lung has also been compiled and presented in Figure
5.14Figure 5.21. A difference in the frequency of the chord lengths from both the right

and left lungs can be seen across the mouse strains. In particular, there exist a greater
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number of chords between 10-70 um in size for the C57BL/6 and BALB/c when
compared to the A/J strain. This indicates that the A/J mice have less peripheral airspace
structures in the range of 10-70 um. Since this is the range we would expect mouse
alveoli to fall within, this suggests fewer alveoli within a specified area in the A/J as
compared to the C57BL/6 and BALB/c mice. In addition the frequency of chord lengths
greater than 70 um, is greater for the A/J than the C57BL/6 and BALB/c strains.
Although the difference is small, the ratio between the strains over this region is
significant (as discussed below). We believe these differences indicate that the A/J strain
has a greater proportion of alveolar ducts vs. alveoli when compared to the C57BL/6 and
BALB/c strains. A similar trend is also observed in the BFST images where there is a
clear difference in the number of alveoli vs. alveolar ducts in each field of view, Figure
5.22.

Statistical Analysis

A generalized logistic model fitted using the generalized estimating equations
(GEE) method was used to compare the distribution of chord lengths among the 3 strains
(C57BL/6, A/J, and BALB/c). Chord lengths were divided into 3 intervals, <10, 10-65,
and_>/0, with the outcome measure being the chord length category. Since the
observations comprised of chord lengths from the same animal, the GEE analysis was
used to account for the correlation of chord lengths from the same animal. This analysis
was performed for each of the 2 sides (right and left) and 3 regions (apex, mid, and base).
The strain comparisons are based on the odds of having chord_I&0giimPrelative to
chord length <10 pm, and chord length 10-65nefative to chord length <10 pm, with
the pairwise differences between strains expressed as odds ratios. Table 5.12 gives the
percentage distribution of chord lengths and the odds ratios (95% confidence limits) for
the pairwise strain comparisons. For all the regions, there was a significantly greater
proportion of %0 pmchord lengths in the A/J strain compared to BALB/c and C57BL/6.

There was no significant difference between BALB/c and C57BL/6.
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54 Implications for the Anatomical Lung Phenotypes of the

C57BL/6, A/J, and BALB/c Inbred Mouse Strains

Phenotyping the lung function in the mouse has revealed strain specific
differences between parameters such as lung volumes, compliance of the lung,
respiratory system resistance, and ventilatory responses [26, 27, 29, 30, 77-79], to name a
few. However, as reported by Reinhard et al., there have been no reports that show
obvious evidence that any one strain exhibits the smallest or largest values for lung
function phenotypes [26]. In addition, there has been an increased interest in the role that
interstrain variation in lung morphology may play in lung function. We have, through
our developed techniques for imaging the mouse lung, uncovered significant differences
in lung structure that may play a substantial role in understanding the lung function in the
normal mouse. Phenotype characterization of the lung structure within three normal
inbred mouse strains has further confirmed that the “normal mouse lung” consists of a
spectrum of characteristics. We have in this body of work focused on the differences in
the structural lung phenotypes in three of the most commonly utilized mouse strains. Our
findings lead us to believe that just as lung function varies between other strains, lung
structure varies among those strains.

The differences in airway structures revealed in this work could potentially
indicate variable functional requirements of the normal mouse lung between inbred
mouse strains. For instance, if we take into account the conflicting requirements for
movement of gas down the bronchial tree and the diffusion of gas across the alveolar
capillary membrane, as stated by Horsfield, we find that as the airway cross sectional area
and volume increases the resistance to flow would decrease. However, with an increase
in the volume of the conducting airways there is a decrease in the volume that is available
for gas transfer (dead airspace). Therefore, if we assume that the functional requirements
for a normal mouse lung to be the same across the inbred strains, we would expect that

the C57BL/6 inbred mouse strain, which has an increase in airway volume, would also
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have a larger overall lung volume compared to the A/J and BALB/c mice. However, this
is not the case as shown in this work. In fact, the BALB/c strain has a significantly larger
lung volume compared to the C57BL/6 strain while the A/J strain shows no significant
difference. This finding suggests that there could be a significant difference in the
functional requirements of the lung across strains, and/or there are significant
parenchyma differences that account for the airway / lung volume difference. In this
study we have seen that there are significant differences in the parenchyma across these
mouse strains, however they do not necessarily correlate to airway or lung volume.

In addition, it has been reported that the C57BL/6 strain has a significantly
increased respiratory rate compared to both the A/J and BALB/c strains [29]. The
C57BL/6 strain has a respiratory rate of 163.2 breaths/min, while the A/J and BALB/c
have respiratory rates of 144.6 breaths/min and 148.2 breaths/min, respectively. Again
this leads us to believe there are other factors that need to be investigated in order to
make stronger correlations between the structure and function relationships.

The C57BL/6 mouse strain was found to have larger airways in several of the
main pathways Table 5.3able 5.5 and an increase in distensibility in the left LMB
pathway and the right DIRMB pathway as compared to the BALB/c and A/J strains. This
would suggest that there exists a significant difference between the composition of the
airway wall in the airways of the C57BL/6 strain. Through investigation of the histology
it seems that there are certain regional differences in the amount of smooth muscle
surrounding the airway lumen between these inbred mouse strains. The C57BL/6
appears to have an increase of smooth muscle, which seems counterintuitive considering
the airways were found to be more compliant. Further investigation of the amount,
distribution and orientation of smooth muscle between the different strains of mice must
be performed.

The variation of lung function parameters for both normal and diseased mice has

been evaluated using pulmonary function tests [27]. These lung function parameters can
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include lung volume, lung elascticity and airway resistance. In this work we have

measured such parameters using the flexivent system. Comparison of measured resistance
(R) and compliance (C) using the flexivdata with airway metrics obtained through the
imaging approach has revealed that there may not be a direct relationship between
structure and function. This may be due to the limitation in the sensitivity of the
measurement equipment on small samples such as the mouse lung. However in either
case, further investigation into the relationship between structural and functional
measurements for evaluation of normal and diseased conditions in the mouse lung needs
to be undertaken.

Using the BFST imaging system, a difference in the peripheral airspace between
the three strains of mice was identified, where the A/J strain appeared to have more
alveolar ducts in any one field of view when compared to the BALB/c and C57BL/6
mice. This observation was further confirmed through the corresponding histology where
a significant difference between the frequency of the airspace chord lengths greater than
70 um was found. The chord length analysis was performed excluding large airways
(including terminal) and vessels. In addition, it has been reported, and we have confirmed
through our BFST and histology imaging, that alveoli in the mice range from 30-50 pum.
Therefore, this strongly suggests that the observed analytical difference in the mean
chord lengths greater than 70 um are due to an increase in the number of alveolar ducts in
the A/J mouse. Again, these structural differences could play a role in the variation in
lung function that has been detected between these inbred mouse strains.

Finally, the structural variations we have identified in the normal mouse lung are
important during development of new respiratory disease models in the mouse. In
addition, investigation into the genetic basis of disease may be further advanced through
our characterization of the normal lung phenotypes identified within this body of

research.
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Jackson-Huber Boyden

Right upper lobe

Apical Bl
Anterior B2
Posterior B3
Right middle lobe

Lateral B4
Medial B5
Right lower lobe

Superior B6
Medial basal B7
Anterior basal B8
Lateral basal B9
Posterior basal B10

Left upper lobe

Upper division

Apical-posterior B1,B3
Anterior B2
Lower (lingular) division

Superior lingular B4
Inferior lingular B5

Left lower lobe

Superior B6
Anteriormedical B7,B8
Lateral basal B9
Posterior basal B10

Table 5.1: The nomenclature developed by Jackson-Huber and the corresponding
nomenclature developed by Boyden.

Source: R. B. George, Chest Medicine: Essentials of Pulmonary and Critical Care
Medicine 2000.
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Right Left

Bl. apical BEl. apicopostetior
BZ. posterior B2 apicoposterior
B3. anterior B3, anterior

B4. lateral B4, superior

B3, medial B5. inferior

Bé. apical Bé. apical

B7. medial basal (cardiac) E7. (omitted)

BE. anterior basal B2 anterior basal
B9, lateral basal B9, lateral basal

B10. postetior basal

BL0. posterior basal

Figure 5.1: Bronchial tree diagram showing Boyden nomenclatureThe bronchial

tree schematic is labeled using the Boyden system where the main segments are
numbered from apex to base. The numbers are given to bronchi feeding into the right
and left lungs and signify the anatomical location of the segments within the lobe the

bronchi.

Reproduced from Boyden. 1955 [70].
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Generation- 0

Aa/\Ab
/N /N

Aab Aba Abb

ANVANEVANWA

Generation-3 Aaaa Aaab Aaba Aabb Abaa Abab Abba Abbb

Generation- 1

Generation-2

Figure 5.2: Weibel airway labeling for generations 0-3. The binary scheme

developed by Weibel for labeling the airways allows for comparative analysis between
different airway structures under the assumption of a symmetric dichotomous branching
structure.

Reproduced from Weibel. 1963 [73].
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Figure 5.3: Branching diagrams numbered with technique by Horsfield and

Cumming. The reverse numbering method of Horsfield and Cumming (bottom up)
demonstrating the numbering of a symmetrical and asymmetrical dichotomy. a) A simple
structure with dichotomous symmetrical branching. b) An example where a portion of the
airway tree has been removed with the same numbering sequence. c) The resulting
asymmetrical dichotomous tree remains labeled for comparison of similar airway
segments.

Reproduced from Horsfield and Cumming. 1968 [72].
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L1
L2 L2

L3
L3

L4
L4

TI Tm

Figure 5.4: Rodent airway schematic with Wallau nomenclature. The airways have
been labeled to classify similar structures of the airways between different species of
rodent. The nomenclature is based on two main stems traversing to the left and right
lungs with lateral branches being labeled in a helical fashion with respect to their position
anatomically including: medial, dorsal, lateral, and ventral.

Reproduced from Wallau. 2000 [35].
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Trachea
-

LBASR
AnRBAY
LBAS
-
ApREMB4
* LpEs

LiRA

LiRBB

Figure 5.5: Mouse airway schematic with Thiesse nomenclature. The nomenclature
specific to the mouse airway tree is labeled with a single main stem for the left lung and
four main stems feeding each lobe of the right lung. Lateral branches off of each main
stem are labeled with respect to the main stem from which they originate. Inclusion of
generation number allows for comparative analysis of airway metrics within and across

subjects.
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Label Anatomical Name Generation
Trachea Trachea 0
LMB1 Left Main Bronchus 1
LBA2 Left Bronchus First Division 2
LBA3a,b,c Left Bronchus First Division Sub Branches 3
LMB2 Left Main Bronchus 2
LBB3 Left Bronchus Second Division 3
LMB3 Left Main Bronchus 3
LBC4 Left Bronchus Third Division 4
LMB4 Left Main Bronchus 4
RMB1 Right Main Bronchus 1
ApRMB2 Apical Lobe Right Main Bronchus 2
ApRBA3 Apical Lobe Right First Division 3
ApRBA4a,b Apical Lobe Right First Division Sub Branches 4
ApRMB3 Apical Lobe Right Main Bronchus 3
ApRBB4 Apical Lobe Right Second Division 4
ApRMB4 Apical Lobe Right Main Bronchus 4
RMB2 Right Main Bronchus 2
DiRMB3 Diaphramatic Lobe Right Main Bronchus 3
DiRBA4 Diaphramatic Lobe Right First Division 4
DiRMB4 Diaphramatic Lobe Right Main Bronchus 4
CaRMB3 Cardiac Lobe Right Main Bronchus 3
AzRMB3 Azygous Lobe Right Main Bronchus 3

10¢

Table 5.2: Breakdown of the Thiesse nomenclature including the airway label, the
full anatomical name, and the corresponding generation number.
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Figure 5.6: Anterior and posterior views of 3D airway rendering for the C57BL/6,
A/J, and BALB/c inbred mouse strains. A difference in the size of the airway lumen
can be visually detected for the a) C57BL/6 inbred mouse strain compared to the b) A/J

and c) BALB/c strains.
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Strains C57BL/6 Ald
Airway Measures Area Diameter  Branch Length Area Diameter Branch Length Area
(mm) (Maj/Min) (Maj/Min)
Trachea 1.877 £0.054 1.824 +0.107/ - 1.854+0.356 1.618 +0.174/ - 1.524 +0.201
1.313 +0.069 1.450 +0.132
RMB1 3.440+0.756 2.277 +0.346/ 3.258 +0.130 1.988 +0.842 1.689 + 0.318/ 3.562 + 0.698 1.865 +0.280
1.910 +0.154 1.451 +0.387
RMB2 4.061£0.789  2.376 +0.263/ 1.953 + 0.251 1.671+0.298 1.508 +0.1318.224 + 0.077 1.333 £ 0.094
2.162+0.198 1.403 £0.134
ApRMB2 - - - 0.581%0.242  0.945 + 0.201/0.599 + 0.297 0.809 +0.127
0.758 + 0.181
ApRMB3 0.681+0.052 1.102 +0.084/ 1.711 +0.366 0.512+0.109 0.968 +0.1771.569 + 0.089 0.499 + 0.080
0.788 £ 0.031 0.674 +0.059
ApRMB4 0.233+0.009 0.588 +0.022/ 1.677 +0.590 0.234+0.114 0.692 +0.2111.293 + 0.476 0.205 + 0.046
0.504 + 0.040 0.418 £ 0.084
AzRMB3 1.101+0.416 1.403 +0.292/ 3.132 + 0.676 1.108 £0.314  1.475+0.1751.669 + 0.779 0.937 +0.089
0.980 + 0.168 0.946 + 0.160
AzRMB4 - - - 0.840+0.270 1.224+0.241/ -- -
0.862+0.111
CaRMB3 1.458 £0.257  1.494 +0.170/ 1.594 + 0.352 0.682+0.110 1.032+0.0381.209 + 0.136 0.792 + 0.096
1.237 £ 0.074 0.839 +0.106
CaRMB4 - - - 0.529+0.070  0.885 + 0.067/ 1.400 + 00.900 -
0.759 + 0.052
DIRMB3 2.833£0.440 2.226 +0.328/ 2.320 + 0.264 1.456 £0.187  1.450 +0.1211.665 + 0.240 1.514 +0.267

1.619 +0.019 1.276 £0.074

BALB/c

Diameter Branch Length
(Maj/Min)

1.485 +0.097/ -
1.303 +0.087

1.685+0.1118.118 + 0.508
1.408 +0.168

1.380 +0.0908.024 + 0.462
1.230 £ 0.024

1.102 +0.0730.519 + 0.254
0.932 +0.085

0.943 +£0.0831.863 + 0.313
0.673 £0.079

0.577 £0.0721.767 £ 0.129
0.449 + 0.046

1.295 £0.0901.789 + 0.078
0.921 +0.050

1.113 +0.0804.551 + 0.044
0.903 £ 0.047

1.622 +0.3272.090 + 0.251
1.192 +0.032

Table 5.3: Airway measurements at 10 cmpO for the C57BL/6, A/J, and BALB/c strains.
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DiRMB4

DiIRMB5

DiIRMB6

DiRBA4

DiRBB5

DIRBC6

DiRBD7

LMB1

LMB2

LMB3

LMB4

LMB5

LMB6

2.373+£0.341

1.822 +0.393

1.040 +0.124

0.532+0.132

0.669 +0.180

0.409 + 0.032

0.360 +0.017

1.757 £0.278

3.704 £0.071

1.730 £0.247

1.085 +0.237

0.837 £0.231

0.391 +0.186

2.292 +0.324/
1.318 £0.069

1.868 + 0.235/
1.244 +0.205

1.423 +0.068/
0.928 + 0.067

1.043 = 0.266/
0.650 +0.027

1.237 +£0.330/
0.689 +0.002

0.858 £ 0.074/
0.607 +0.029

0.853 +£0.018/
0.536 +0.016

1.713 £ 0.250/
1.305 £0.020

2.736 £0.099/
1.725 +.0031

1.852 + 0.231/
1.194 +0.151

1.346 = 0.249/
1.022 +£0.093

1.498 + 0.535/
0.724 +0.052

0.922 +0.362/
0.526 + 0.074

1.970 £0.157

1.432 +0.240

1.440 +0.157

1.153+0.819

0.714 +0.467

1.479 +0.380

0.954 +0.454

4.637 +0.235

2.518 +0.115

1.557+£0.120

2.133 £0.053

1.315+0.122

0.927 +0.202

1.150 £0.156

0.856 +£0.116

0.470 £0.087

0.479 +0.158

0.584 +0.126

0.300 + 0.053

0.892 +0.445

1.547 £0.229

0.929 + 0.066

0.747 £ 0.048

0.522 +£0.100

0.228 +0.062

1.305 +£0.118/
1.120 +£0.086

1.133 +0.094/
0.959 £ 0.054

0.824 £ 0.074/
0.722 £0.078

0.945 + 0.150/
0.634 +0.116

0.981 + 0.080/
0.756 +0.122

0.786 + 0.105/
0.484 +0.023

1.203 £0.231/
0.905+0.311

1.465 +0.098/
1.340 + 0.107

1.143 £ 0.081/
1.034 +0.000

1.067 +0.049/
0.891 +0.020

0.948 £ 0.076/
0.697 +0.080

0.637 £0.067/
0.453 £ 0.076

1.918 £0.138

1.748 +0.311

1.647 +0.093

1.188 +£0.562

1.310 + 0.485

5.645 +1.026

1.896 +0.227

1.732 £0.326

1.914 £0.240

1.548 +0.245

1.260 +0.642

1.350 £0.349

1.262 +0.502

0.551 £ 0.057

0.454 +0.023

0.469 +0.067

0.296 + 0.052

0.219 +0.037

1.036 £0.157

1.585+0.122

1.010 £0.104

0.813+0.133

0.737 £0.089

0.379 +0.158

1.617 +£0.454/

1.068 +0.047

1.467 +0.333/

1.074 £0.179

0.905 + 0.057/

0.773 £0.035

0.902 + 0.024/

0.640 +0.031

0.938 + 0.086/
0.635 +0.032

0.698 +0.070/

0.538 + 0.052

0.600 = 0.095/
0.465 £ 0.015

1.265 +0.116/

1.040 £0.069

1.593 +0.225/

1.275 +0.096

1.263 £0.195/

1.024 +0.065

1.126 £0.212/

0.923 +0.021

1.188 +0.148/

0.798 £0.131

0.737 £0.183/

0.636 +£0.122

1.787 £0.077

1.420 +0.218

1.322 +0.155

0.658 +0.253

0.371+0.186

1.732+0.361

1491 £0.074

5.150 £0.371

2.263+0.101

1.942 £0.176

1.774 £ 0.098

1.326 +0.195

1.044 +0.050

Table 5.3: Continued.
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LBA2

LBB3 0.518 £ 0.200 1.163 +0.266/ 1.514 +0.933 0.493 +0.138 1.119 £ 0.229/ -- 0.407 £0.112 0.930 +0.148/ 0.450 +0.189
0.551 +0.132 0.555 +0.137 0.555 + 0.096

LBC4 0.473 +0.094 1.163 +0.202/ 0.901 +0.150 0.238 +0.012 0.634 +0.037/ -- 0.419 +0.044 0.914 +0.069/ 0.378 £0.296
0.520 + 0.086 0.480 + 0.052 0.588 + 0.106

LBD5 0.427 £0.14 1.023 +0.281/ 1.356 +1.152 0.228 +0.016 0.604 +0.019/ 1.345 +0.050 0.249 + 0.092 0.735+0.194/ 0.764 + 0.585
0.526 + 0.041 0.480 +0.018 0.425 +0.047

LBE6 0.404 +0.106 0.988 +0.180/ 0.888 +0.084 - - - 0.226 + 0.027 0.51+0.161/ 1.837 +0.637-
0.518 + 0.045 0.416 +0.030

Table 5.3: Continued.
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Strains

Airway Measures Area

(mm)

Trachea
RMB1
RMB2
ApRMB2
ApRMB3
ApRMBA4
AzRMB3
AzRMB4
CaRMB3
CaRMB4

DiIRMB3

2.322 +£0.085

4.219

4.864

0.881

0.819

0.286

1.399

0.716

1.777

3.182

+ 0.514

+0.581

+0.110

+0.156

+0.043

+0.315

+0.413

+0.188

+0.590

C57BL/6 A/l BALB/c
Diameter ~ Branch Length Area Diameter Branch Length Area Diameter Branch Length
(Max/Min) (Max/Min) (Max/Min)
1.927 +0.117/ - 2.165+0.321 1.715+0.157/ - 1.983+0.200 1.585+0.234/ -
1.536 +0.041 1.602 +0.99 1.520 +0.045
2.641 +0.330/ 3.519 +0.057 2.68020.698  1.932 +0.2788.700 + 0.634 2.215+0.475 1.769 + 0.155/ 3.347 +0.458
2.041 +0.183 1.741 £0.225 1.580 +0.220
2.717 +0.249/1.982 +0.228 2.181+0.578  1.699 +0.2098.352 + 0.013 1.699 £0.491 1.508 +0.2378.177 + 0.465
2.278 +0.161 1.613 £0.220 1.407 £0.217
1.315 +0.139/ - 0.751+0.201 1.077 £0.177/0.581 + 0.235 0.888+0.109 1.12520.078/-
0.853 +0.017 0.877 £ 0.103 1.003 £ 0.070
1.177 +0.178/1.961 + 0.515 0.621+0.059 1.052+0.1114 1.146 £0.203  1.411 +0.160/ 1.952 + 0.336
0.881 +0.052 0.757 £ 0.089 1.029 +0.095
0.672 +0.080/ 1.791 +0.127 0.413+0.289 0.967 + 0.4791.175 + 0.682 0.296 +0.046  0.709 + 0.0661.799 + 0.195
0.541 +0.030 0.510 + 0.103 0.530 £0.039
1.543 +0.213/2.901 +0.221 1.440 £0.288 1.659 +0.1871.392 +0.420 1.146 £0.203  1.411 +0.1601.855 +0.135
1.144 +0.124 1.097 +£0.119 1.029 + 0.095
1.177 +0.489/ -- 0.680+0.402  1.103 +0.392/ 1.488+ 0.127 0.591+0.227  0.990 + 0.2402.016 + 0.233
0.729 +0.163 0.724 +0.260 0.741 +0.150
1.645 +0.127/1.733 £ 0.356 0.955+0.263 1.153+0.1491.278 £ 0.088 0.928+0.114 1.166 % 0.0801.727 + 0.051
1.373 +0.049 1.041 +0.145 1.011 +0.062
- - 0.637£0.077 0.954 0.073/ 1.415 + 0.691 0.625+0.200 1.013+0.1861.263  0.197
0.848 + 0.049 0.775+0.102
2.194 +0.392/2.654 +0.258 1.750 £0.190  1.560 + 0.0881.675 + 0.262 1.689 +0.421 1.626 + 0.361/ 2.321 +0.180

1.845 +0.068

1.425 +0.080

1.316 £0.113

Table 5.4: Airway measurements at 20 cmpO for the C57BL/6, A/J, and BALB/c strains.
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DiRMB4

DiRMB5

DiRMB6

DiRBA4

DIRBB5

DiRBC6

DiRBD7

LMB1

LMB2

LMB3

LMB4

LMB5

LMB6

2.310

1.782

0.885

0.624

0.699

0.480

2.275

3.980

1.803

1.129

0.799

0.494

+0.713

+0.653

+0.393

+0.196

+0.156

+0.017

+0.214

+0.787

+0.426

+0.420

+0.375

+0.193

2.021 £0.576/
1.448 +0.068

1.799 +0.486/
1.239 +0.172

1.211 £0.332/
0.898 +0.157

1.045 +0.268/
0.732 +£0.141

1.194 +0.217/
0.742 +0.043

0.969 +0.031/
0.632 +0.035

1.896 +0.135/
1.526 +0.057

2.753 £0.467/
1.833 +0.060

1.736 +0.395/
1.322 +0.083

1.338 +0.402/
1.057 +£0.093

1.284 +0.649/
0.799 +0.043

1.057 +£0.351/
0.586 +0.047

2.071+£0.144

1.486 +0.406

1.205 +£0.053

1.249 +0.984

0.730 + 0.360

1516 £0.214

4.805 +0.382

2.864 +0.385

1.626 +0.236

2.238 +0.097

1.329+£0.189

1.112 £0.403

1.373+0.114

1.192 £0.152

0.647 +0.155

0.636 +0.107

0.539 + 0.096

0.416 £0.131

0.212 +0.038

1.380 +£0.424

1.870 £0.425

1.155 +0.095

0.956 +0.142

0.623 +0.084

0.371 +0.061

1.415 +0.037/ 2.019 £ 0.097
1.235+0.080

1.410 £0.104/ --
1.073 £0.068

0.962 +0.128/ --
0.847 £0.101

1.048 +0.152/ 0.588 + 0.080
0.771 +£0.036

0.956 +0.107/ 0.826 + 0.610
0.714 £ 0.055

0.864 + 0.168/ 1.636 + 0.080
0.604 + 0.069

0.600 = 0.069/ --
0.449 +0.037

1.447 £0.166/ 5.843 +0.888
1.193 £0.235

1.640£0.167/ 1.961 +0.322
1.438 £0.182

1.289 + 0.050/ 1.831 + 0.369
1.140 £ 0.071

1.232 £0.089/ 2.071 £ 0.341
0.984 +£0.078

1.030 +£0.069/ 1.665 + 0.196
0.769 + 0.063

0.801 + 0.069/ 0.633 + 0.405
0.587 +0.050

1.481 £ 0.467

1.341+£0.612

0.692 +0.125

0.499 +0.109

0.602 +£0.127

0.450 £0.120

0.292 +0.042

1.334£0.274

1.992 £0.342

1.312 +0.337

1.004 +0.287

0.813 £0.223

0.449 +£0.183

1.642 +£0.425/ 1.985+0.134

1.132£0.129

1.439£0.396/ 1.575+0.349

1.133+£0.249

1.035+0.139/ 1.315+0.075

0.849 +0.058

0.902 +0.114/ 0.512 £ 0.088

0.699 + 0.086

1.059 £ 0.187/ 0.698 £ 0.511

0.720 £0.025

0.925 +0.228/ 1.827 +0.301

0.619 +0.051

0.731+£0.086/ 1.714 +0.149

0.508 +0.015

1.390 £0.172/ 5.330 £ 0.201

1.209 £0.126

1.773 £0.247/ 2.504 +0.330

1.427 +£0.105

1.455 +0.260/ 1.990 + 0.103

1.136 £0.098

1.296 + 0.268/ 2.005 £+ 0.261

0.975 +0.085

1.198 +£0.210/ 1.396 = 0.240

0.852+0.118

0.804 +0.206/ 1.075 + 0.237

0.692 +0.119

Table 5.4: Continued.
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LBA2 -

LBB3 0.580 +0.155
LBC4 0.624 £0.135
LBD5 0.512 +£0.147
LBEG6 -

1.151 £0.220/
0.634 +0.064

1.197 £0.231/
0.661 +0.045

1.176 +£0.308/
0.554 +£0.051

2.256 £0.891

0.703 £0.218

0.574 +£0.083

0.406 +0.072

0.277 £0.027

0.341 +£0.115

0.239 +0.020

0.938 +0.101/ 1.759 +0.638
0.548 +0.043

0.633+0.016/ 1.146 +0.903
0.555 +0.041

0.804 +0.178/ 0.640 +0.574
0.532 +0.060

0.651 +0.083/
0.470 +0.026

1.518 £0.296

0.617 £0.120

0.495 +0.016

0.325 +£0.043

0.252 +0.050

1.118 £0.168/ 0.589 +0.263
0.701 £ 0.063

0.992 + 0.048/ 0.608 +0.192
0.636 +0.012

0.768 + 0.157/ 0.749 +0.594
0.544 +0.044

0.713+0.069/ --
0.448 +0.047

Table 5.4: Continued.
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Strains

Airway Measures Area

(mm)

Trachea 2.505 +0.166
RMB1 4.340+0.713
RMB2 5.466 +0.783
ApRMB2 -

ApRMB3 0.916 £ 0.134
ApRMB4 0.314 +0.030
AzRMB3 1.421+0.378
AzRMB4 0.941 +0.284
CaRMB3 3.984 +0.527
CaRMB4 1.260 + 0.451
DIRMB3 3.984 +0.527

C57BL/6

Diameter  Branch Length Area
(Max/Min)

1.957 +0.114/ - 2.662 +0.705
1.630 +0.432

2.552 +0.236/ 3.813 + 0.029 2.629 £ 0.654
2.156 £0.179

2.769 £ 0.222/ 2.076 £ 0.204 2.074 £0.392
2.505 +£0.177
- - 0.871 £0.312

1.282 +0.161/ 2.346 + 0.563 0.705 £ 0.060
0.908 +0.034

0.688 +0.014/ 2.160 + 0.166 -
0.580 + 0.054

1.468 + 0.224/ 3.091 + 0.264 1.442 +0.298
1.219+0.133

1.325 +0.321/ 2.071 + 0.259 1.029 + 0.076
0.898 + 0.059

2.597 +0.306/ 1.904 + 0.365 0.841 £0.130
1.951 +0.030

1.363 + 0.236/ - 0.684 +0.084
1.159 +0.221

2.597 +0.306/ 2.997 + 0.243 1.887 +0.191
1.951 +0.030

A/l
Diameter Branch Length Area
(Max/Min)
2.040 +£0.377/ - 2.100 +0.173
1.650 £ 0.135
1.939 + 0.2888.772 + 0.486 2.655 £ 0.157
1.709 +0.183
1.703 + 0.1468.608 + 0.082 1.839 + 0.045
1.541+0.174
1.152 +0.249/ 0.584 = 0.260 -
0.940 £0.172
1.227 £ 0.0714.872 £ 0.010 0.762 £0.106
0.732 £0.052
- - 0.291 £ 0.055
1.694 + 0.232/1.327 + 0.470 1.299+0.128
1.079£0.122
1.353 + 0.14201.469 + 0.029 0.819 £0.130
0.970 £ 0.030
1.090 + 0.065/.374 + 0.166 1.059 + 0.046
0.978 +0.095
0.993 + 0.044/ 1.553 + 0.889 0.662 +0.035
0.875£0.071
1.608 + 0.0714.847 + 0.307 2.048 £0.372

1.492 +0.089

BALB/c
Diameter
(Max/Min)

1.719 + 0.055/ --
1.553 +0.080

Branch Length

1.943 +£0.0863.286 + 0.512
1.739 £0.030

1.605 + 0.0648.585 + 0.469
1.460 £ 0.025

1.221 +0.0392.328 £ 0.282
0.796 +0.118

0.687 + 0.1001.969 + 0.348
0.538 +0.036

1.435 +0.094/1.644 +0.234
1.151 +0.044

1.207 £0.177R.289 + 0.355
0.863 +£0.013

1.199 + 0.0132.023 + 0.095
1.124 +0.042

0.964 + 0.026/1.884 + 0.246
0.874 +0.029

1.835+0.3782.821 + 0.334
1.426 +0.051

Table 5.5: Airway measurements at 30 cmH20 for the C57BL/6, A/J, and BALB/c strains.
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DiRMB4

DiRMB5

DiRMB6

DiRBA4

DiRBB5

DiRBC6

DiRBD7

LMB1

LMB2

LMB3

LMB4

LMB5

LMB6

3.140 £ 0.502

2.341 £0.251

1.229 £0.141

0.676 +0.098

0.872 +0.296

0.532 +0.020

0.401 +0.059

2.631+£0.294

4.870 +0.107

2.481 +0.283

1.530 £ 0.369

1.031 £0.357

0.529 +0.235

2.615 +0.414/
1.529 +0.066

2.212 +0.148/
1.350 +0.144

1.513 £ 0.087/
1.033 +0.060

1.099 * 0.160/
0.784 +0.008

1.394 +0.393/
0.790 +0.048

0.993 £ 0.092/
0.684 +0.038

0.898 + 0.060/
0.566 + 0.045

2.051 £ 0.146/
1.631 +0.079

3.086 £ 0.117/
2.010 +0.036

2.318 +£0.396/
1.376 +0.158

1.691 * 0.356/
1.147 +0.082

1.604 +0.677/
0.835 +0.057

1.144 +0.475/
0.582 +0.038

2.222 £0.167

1.685+0.318

1.316 £0.160

1.293 £0.920

1.912 £0.215

1.518 £0.543

5.158 +£0.157

2.857 +£0.208

1.878 £0.212

2.458 +£0.237

1.694 +£0.225

1.338 £0.589

1.425+0.072

1.128 £0.097

0.612+0.114

0.627 +0.135

0.571+0.121

0.374 +0.062

0.278 +0.009

1.392 £0.230

1.981+£0.276

1.183 £0.006

0.971 +0.037

0.641+0.114

0.354 +0.049

1.462 +0.014/
1.241 +£0.072

1.372 £ 0.049/
1.046 + 0.055

0.961 +0.100/
0.806 + 0.081

1.062 +0.183/
0.751 £ 0.072

0.955 + 0.155/
0.758 £ 0.071

0.825 +£0.119/
0.577 £0.012

0.718 £ 0.034/
0.492 + 0.007

1.445 + 0.132/
1.222 +0.095

1.755 +0.111/
1.434+0.124

1.364 + 0.024/
1.105 +0.022

1.333+0.017/
0.928 +0.029

1.102 £0.078/
0.739 £ 0.093

0.808 +0.021/
0.556 * 0.064

2.223 +0.206

1.921 £0.252

1.922 £0.278

0.711+£0.183

0.472 +0.200

2.007 £0.087

1.147£0.714

5.789 +0.948

2.242 +0.462

2.032 £0.372

2.399 +0.307

2.037 £0.294

1.071 £0.548

1.799 £ 0.676

1.324 +£0.362

0.629 +0.048

0.572 +0.025

0.624 +0.135

0.388 + 0.059

0.255 +0.059

1.641 +£0.250

2.254 £0.372

1.457 £0.224

1.030 £0.163

0.797 £0.123

0.446 +0.139

1.930 +0.822/
1.205+0.104

1.486 +0.301/
1.124 +0.075

0.976 = 0.015/
0.820 + 0.051

0.959 + 0.013/
0.760 + 0.038

1.059 £0.172/
0.747 +£0.042

0.832 +£0.110/
0.593 +0.013

0.653 = 0.096/
0.493 +0.043

1.549 £ 0.157/
1.344 +0.069

1.878 £ 0.325/
1.530 +0.048

1.600 * 0.251/
1.161 +0.017

1.334 £0.219/
0.983 + 0.006

1.153 £ 0.110/
0.878 + 0.066

0.826 + 0.136/
0.678 £ 0.107

2.157 £0.125

1.803 £0.286

1.555+0.162

0.841 +0.090

0.633+0.136

2.222 £0.478

2.001 +£0.166

5.146 +0.388

2.654 +£0.178

2.461 +0.213

2.129 £0.241

1.599 +£0.186

0.883 + 0.564

Table 5.5: Continued.
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LBA2

LBB3

LBC4

LBDS

LBEG6

0.670 +£0.219

0.691 +0.072

0.591 +0.073

1.203 + 0.266/
0.698 +0.018

1.275 +0.157/
0.692 + 0.066

1.332 = 0.009/
0.565 +0.074

2.775 +£1.003

1.050 +£0.258

0.753 £0.413

0.464 + 0.406

0.574 +0.089

0.360 +0.088

0.428 +0.167

0.234 +0.002

1.122 +0.103/
0.650 + 0.146

0.761 +0.161/
0.601 +£0.021

1.049 = 0.456/
0.525 + 0.026

0.624 +0.067/
0.479 +0.055

0.745 +£0.049

0.558 +0.115

0.388 +0.113

0.316 +0.058

1.303 = 0.106/
0.729 £0.071

1.082 +0.284/
0.663 + 0.040

0.924 +0.176/
0.528 + 0.059

0.805 + 0.094/
0.498 +0.038

0.490 + 0.266

0.539+0.124

0.496 + 0.256

0.931+0.678

Table 5.5: Continued.
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Figure 5.7: C57BL/6 DIRMB pathway airway measures including area, major and
minor diameter, and branch length. The a) area, b) major diameter, ¢) minor diameter,
and d) branch length for the DiRMB pathway at PAP’s from 10-30,nH

www.manharaa.com




Strain -- Mean (SE)

Compare

Lobe PAP Strains Pairwise mean comparisons
Ald BALB/c C57 p-value
ApR-MB 10 0.48 (0.09) 0.49 (0.03) 0.57 (0.02) 0.506 -
Str* PAP
0=0.238 20 0.58 (0.07) 0.61 (0.02) 0.68 (0.04) >0.99 --
Strain p=0.336 | 30 0.68 (0.08) 0.66 (0.02) 0.70 (0.05) >0.99 -
AzR-MB 10 1.03 (0.10) 0.69 (0.10) 0.93 (0.10) 0.226 -
Str* PAP 20 1.20 (0.09) 0.92 (0.08) 1.16 (0.08) 0.217 --
p=0.854
Str p=0.049 30 1.31 (0.09) 1.02 (0.08) 1.24 (0.09) 0.208 --
A/J>BALB/c
<0.0001 C57 vs. AlJ p=0.0007
10 0.68 (0.08) 0.55 (0.07) 1.24 (0.08) ' C57 vs. BALB/c p<0.0001
CaR-MB A/J vs. BALB/c p>0.99
C57 vs. A/J p<0.0001
Str* PAP 20 0.81 (0.08) 0.76 (0.08) 1.53 (0.08) <0.0001 | C57 vs. BALB/c p<0.0001
p=0.0004 A/J vs. BALB/c p>0.99
C57 vs. AlJ p<0.0001
30 0.83 (0.07) 0.82 (0.07) 1.58 (0.07) <0.0001 | C57 vs. BALB/c p<0.0001
A/J vs. BALB/c p>0.99
Cont'd...

Table 5.6: Comparison of mean area among A/J, BALB/c, and C57BL/6 by PAP at each lobe.
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DIR-MB C57vs. AlJ __p=0.015
10 0.83 (0.07) 0.91 (0.10) 1.53 (0.15) 0.009 C57 vs. BALB/c p=0.039
Str* PAP A/J vs. BALB/c p>0.99
p=0.790 C57 vs. A/J p=0.074
20 1.07 (0.06) 1.09 (0.13) 1.85 (0.21) 0.050 C57 vs. BALB/c p=0.080
Str p=0.015 A/J vs. BALB/c p>0.99
C57>A/J
CovBALBle | 30 1.16 (0.11) 1.14 (0.18) 1.91 (0.26) 0.187 -
C57 vs. A/J p=0.015
L-MB 10 0.77 (0.08) 0.79 (0.11) 1.31(0.10) 0.007 C57 vs. BALB/c p=0.048
. A/J vs. BALB/c p>0.99
r?iro P C57vs.AlJ  p=0.006
: 20 0.96 (0.07) 1.03 (0.08) 1.67 (0.14) 0.003 C57 vs. BALB/c p=0.014
_ A/J vs. BALB/c p>0.99
ggf;AO/'JOOl C57vs.AlJ  p=0.006
CovoBALBle | 30 1.02 (0.06) 1.09 (0.11) 1.81(0.15) 0.006 C57 vs. BALB/c p=0.016
A/J vs. BALB/c p>0.99
C57vs. AlJ__ p=0.0002
10 2.02 (0.21) 1.46 (0.20) 3.68 (0.20) <0.0001 | C57 vs. BALB/c p<0.0001
R-MB A/J vs. BALB/c p=0.634
C57vs. AJ  p<0.0001
Str* PAP 20 2.43 (0.23) 1.96 (0.21) 4.54 (0.21) <0.0001 | C57 vs. BALB/c p<0.0001
p=0.022 A/J vs. BALB/c p>0.99
C57vs. AlJ  p=0.0002
30 2.60 (0.27) 2.07 (0.24) 4.81 (0.24) <0.0001 | C57 vs. BALB/c p<0.0001

A/J vs. BALB/c p>0.99

Table 5.6: Continued.
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Strain -- Mean (SE) Compare o .
Lobe PAP Strains Pairwise mean comparisons
Al BALB/c C57 p-value
ApR-MB 10 B
0.93 (0.11) 0.86 (0.02) 0.93 (0.02) 0.517
Str*PAP
p=0.232 20 1.01 (0.09) 0.98 (0.02) 1.03 (0.03) >0.99 -
Strain 30
p=0.344 1.11 (0.09) 1.04 (0.02) 1.07 (0.04) >0.99 -
AzZR-MB 10
1.38 (0.07) 1.16 (0.07) 1.36 (0.07) 0.162 -
Str* PAP
p=0.660 20 1.51 (0.07) 1.29 (0.06) 1.44 (0.06) 0.187 -
Str p=0.036 30 -
AIBALE 1.59 (0.08) 1.33 (0.07) 1.43 (0.07) 0.212
<0.0001 C57 vs. A/J p=0.0003
CaR-MB 10 1.00 (0.04) 0.98 (0.04) 1.38 (0.04) C57 vs. BALB/c p<0.0001
A/J vs. BALB/c p>0.99
%
St PAP C57vs. AJ  p<0.0001
Strain 20 1.07 (0.05) 1.07 (0.05) 1.53 (0.05) <0.0001 | ©57 vs. BALB/c p<0.0001
p<0.0001 A/J vs. BALB/c p>0.99
' C57vs.AlJ  p<0.0001
30 1.07 (0.04) 1.06 (0.04) 1.49 (0.04) <0.0001 | ©57 vs. BALB/c p<0.0001
A/J vs. BALB/c p>0.99

Table 5.7: Comparison of mean major diameter among A/J, BALB/c, and C57 by PAP at each lobe
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DiR-MB C57vs. AlJ _ p=0.086
10 1.06 (0.04) 1.18 (0.09) 1.59 (0.14) 0.060 C57 vs. BALB/c p=0.339
Str* PAP AlJ vs. BALB/c p>0.99
p=0.875 C57 vs. A/J p=0.081
20 1.22 (0.03) 1.28 (0.10) 1.69 (0.14) 0.072 C57 vs. BALB/c p=0.271
Str p=0.014 A/J vs. BALB/c p>0.99
C57>A/] 30
1.25 (0.03) 1.27 (0.18) 1.71(0.17) 0.215 -
L-MB C57vs. AlJ _ p=0.040
10 0.99 (0.03) 1.06 (0.07) 1.38 (0.10) 0.034 C57 vs. BALB/c p=0.169
Str* PAP A/J vs. BALB/c p>0.99
p=0.585 C57 vs. A/J p=0.049
20 1.14 (0.03) 1.22 (0.07) 1.57 (0.11) 0.033 C57 vs. BALB/c p=0.187
Str p=0.006 A/J vs. BALB/c p>0.99
C57>A/J C57vs. Al p=0.045
C57>BALB/c | 30 1.21(0.02) | 1.25(0.07) | 166(0.12) | 0.045 C57 vs. BALB/c p=0.090
A/J vs. BALB/c p>0.99
C57 vs. A/J p=0.0001
10 1.67 (0.09) 1.48 (0.08) 2.41 (0.08) <0.0001 | €57 vs. BALB/c p<0.0001
R-MB A/J vs. BALB/c p=0.634
C57vs. Al p<0.0001
S”S gglp 20 1.82 (0.09) 1.64 (0.08) 2.68 (0.08) <0.0001 2/53]7V‘;3-BBAAL'-B'?(/:C Ejg-ggm
p=0. . .
C57vs. Al p<0.0001
30 1.90 (0.10) 1.72 (0.09) 2.75 (0.09) <0.0001 | ©57 vs. BALB/c p<0.0001

A/J vs. BALB/c p>0.99

Table 5.7: Continued.
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Strain -- Mean (SE)

Compare

Lobe PAP Strains Pairwise mean comparisons
Al BALB/c C57 o-value
ApR-MB 10 0.64 (0.03) 0.67 (0.03) 0.70 (0.03) >0.99 -
Str*PAP 20
p=0.897 0.71 (0.03) 0.76 (0.02) 0.78 (0.02) 0.476 -
Strain p=0.261 | 30 0.75 (0.03) 0.78 (0.03) 0.81 (0.03) >0.99 -
AzZR-MB 10 -
0.95 (0.06) 0.75 (0.06) 0.84 (0.06) 0.305
Str* PAP 20
p=0.061 0.98 (0.04) 0.91 (0.03) 0.99 (0.03) 0.563 -
Str p=0.144 30 1.04 (0.04) 0.96 (0.04) 1.08 (0.04) 0.404 -
<0.0001 C57 vs. A/J p=0.0001
A/J vs. BALB/c p>0.99
*
Eiro P C57vs. Al p=0.0002
20 0.95 (0.04) 0.89 (0.03) 1.24 (0.04) <0.0001 2/?17\/\;3'BBAALLBE/S</: c 558-8801
Strain p<0.0001 C57vs. AlJ  p<0.0001
30 0.96 (0.04) 0.98 (0.04) 1.31 (0.04) <0.0001 | ©57 vs. BALB/c p=0.0002

A/J vs. BALB/c p>0.99

Table 5.8: Comparison of mean minor diameter among A/J, BALB/c, and C57 by PAP at each lobe.
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C57vs. AlJ p=0.001
DiR-MB 10 0.91 (0.03) 0.89 (0.04) 1.13 (0.02) <0.0001 | €57 vs. BALB/c p=0.002
A/J vs. BALB/c p>0.99
Str* PAP C57vs. AlJ  p=0.013
p=0.826 20 1.03(0.03) | 099(0.04) | 1.25(0.03) | <0.0001 | C57Vs.BALB/cp<0.0001
A/J vs. BALB/c p>0.99
Str p<0.0001 30
1.06 (0.04) 1.01 (0.03) 1.30 (0.03) 0.0009 |~
B C57vs. AlJ _ p=0.040
10 0.85(0.05) | 0.83(0.05) | 0.99(0.01) | 0.026 C57 vs. BALBIc p=0.169
Stre PAP AlJ vs. BALB/c p>0.99
p:ro 329 C57vs. A)J  p=0.018
' 20 0.93(0.04) | 0.95(0.03) | 1.11(0.01) | 0.0005 2/5] ‘gS-BiAL'é% c Sjg-gg“
_ VS. .
gtSr?p;AO/f 002 C57vs. AlJ  p<0.0001
30 C57 vs. BALB/c p=0.005
0.93 (0.03 0.99 (0.02 1.16 (0.01 0.0007
C57>BALB/c (0.03) (0.02) (0.01) A3 vs. BALBIC p=0.655
g"\fB 10 1.56 (0.13) 1.17 (0.17) 1.94 (0.10) 0.117 -
pfo oy C57vs. AlJ  p<0.087
20 1.68 (0.08) 1.49 (0.08) 2.16 (0.10) 0.006 C57 vs. BALB/c p<0.019
Str p=0.011 A/J vs. BALB/c p>0.99
CETSA] C57vs. AlJ  p<0.167
c57>BALBc | 30 1.69 (0.07) 1.58 (0.02) 2.22 (0.12) 0.010 C57 vs. BALB/c p<0.122

A/J vs. BALB/c p>0.99

Table 5.8: Continued.
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C57BL/6

BALB/c

10 mm

M Apical M Diaphramatic M Azygous = Cardiac Left Lung

Figure 5.8: Anterior and posterior view of the rendered lobe segmentations overlaid
on the airway tree. The lobes of the right lung and the left lung can be visually
identified using this technique and compared for the a) C57BL/6, b) A/J, and c) BALB/c

strains.
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Figure 5.9: Distensibility measure for the left main bronchus and right

diaphragmatic pathways a) Distensibility of the left main brochus pathway for
generations 1-6. b) Distensibility of the right diaphragmatic main bronchus pathway for
generation 3-5 including right main bronchi for the C57BL/6, A/J, and BALB/c strains.
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Strains C57BL/6 AlJ BALB/c

Body weight (g) 29.5+0.05 25.1+0.71 30.9+1.53
Lung volumes (uL)

Total lung volume

10 cmHO 844.7+57.0 831.8+775 897.3+39.1
20 cmH20 9925+39.7 965.5+50.2 1152.5+62.5
30 cmH20 1356.1 +27.8 1332.6 £+ 61.3 1738.3+54.4

Normalized Lung volumes (uL/g)
Total lung volume

10 cmHO 286+19 33129 29.0+0.5
20 cmH20 33.6+1.3 385+1.5 37.3+x0.9
30 cmH20 46.0+0.9 53.1+1.6 56.3+0.1

Lobe volumey cmhzo(UlL)

Apical 166.7+14.4 1358+15.6 208.1+3.0
Azygous 127.8+5.2 142.7+8.2 155.8+11.2
Diaphragmatic 284.7+224 2948+11.1 296.3+22.9
Cardiac 86.6 +3.4 91.2+9.0 95.7x1.4
Left 326.7+9.7 3009+229 396.5+25.3

Normalized Lobe volumeg ¢mn20(UL/Q)

Apical 57+05 5.4+0.6 6.7 +0.05
Azygous 43+0.2 57+0.3 5.0+ 0.01
Diaphragmatic 9.7+0.8 11.7+04 9.6 £0.04
Cardiac 29+0.1 3.6+0.3 3.1+0.05
Left 11.1+£0.3 12.0+0.9 12.8+0.01

Table 5.9: Average *= SE of overall lung volumes and individual lobe volumes for
the C57BL/6, A/J, and BALB/c inbred mouse strains.
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Total Lung Volume (uL)

Total lung volume at multiple inflation pressures

13C

2000

1800 -

OCs57BL/6
EAJ
EBALB/c

1600 -

1400 -

1200 A

1000 -

800 -

600 -

400

200

10

20

Pressure (cmH,0)

30

PAP Strain -- Mean (SE) Csotr;pilr?sre Pairwise mean
(cmH,0) AlJ BALB/c C57 p-value comparisons
10 | 831.8(77.5) | 897.3(39.1) | 844.7(57.0) | >0-99 -
20 | 965.5(50.2) | 11525 (62.5) 992.5(39.7) | 0-244 -
C57 vs. A/J p>0.99
30 11332.6(61.3) | 1787.6(54.4) 1356.1 (27.8) 0-001 C57 vs. BALB/c p=0.004
A/J vs. BALB/c p=0.003

Figure 5.10: Total lung volume measures at 10, 20 and 30 cmH20 for the C57BL/6,
A/J, and BALB/c inbred mouse strains and the resulting statistical significance. The
total lung volume at 30 cnmi@ is significantly greater in the BALB/c compared to the

C57BL/6 and A/J strains.
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Normalized total lung volume at multiple inflation pressures

70
CC57BL/6
EAJ
EBALB/c
60
— s
é”so— \
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& s RN ot N (VLI
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= ] el el
S 204 ] DI DI
TR [ S L g
0 RS UL UL
10 20 30
Pressure (cmH,0)
PAP Strain -- Mean (SE) CSO mpare Pairwise mean
trains .
(cmH0) AlJ BALB/c C57 p-value comparisons
10 | 331(29)| 20005 28619 . 03 -
20 | 384(15)| 37.3(09)] 336@3) g 03 -
0.0 C57 vs. A/J p=0.077
30 53.0 (1.6) 57.9(0.1) 45.9 (0.9 02 ' C57 vs. BALB/c p=0.002
A/J vs. BALB/c p=0.431

Figure 5.11: Normalized (with respect to body weight) total lung volume measures

at 10, 20 and 30 cmH20 for the C57BL/6, A/J, and BALB/c inbred mouse strains

and the resulting statistical significance. There is no significance between the BALB/c
and the A/J strain when the lung volumes are normalized with respect to body weight,
although there is still significance between the C57BL/6 and BALB/c strains.
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Apical Azygous Diaphragmatic Cardiac Left
Lobe
Strain -- Mean (SE) Compare o .
Lobe Strains Pairwise mean comparisons
A/J BALB/C C57 p_Value
C57 vs. AlJ p=0.261
Apical (1135561) 2(2%)1 (1&647) 0.018 C57 vs. BALB/c p=0.122
) ' ' A/J vs. BALB/c p=0.015
142.8 155.8 127.8
Azygous 8.2) (11.3) (5.2) 0.148 -
. . 294.8 296.3 284.7
Diaphragmatic (11.1) (22.9) (22.4) 0.903 --
. 91.2 95.7 86.6
Cardiac (9.0) (1.4) (3.4) 0.552 -
C57 vs. AlJ p=0.666
Left (32020'99; (32%63":; ?(’567)7 0.039 C57 vs. BALB/c p=0.115
) ) ' A/J vs. BALB/c p=0.038

Figure 5.12: Lobe volume measures at 20 cmH20 for the C57BL/6, A/J, and
BALB/c inbred mouse strains and the resulting statistical significanceFor both the
apical lobe and left lung there is significance between the A/J and BALB/c strains.
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Strain C57BL/6 Ald BALB/c
Source Measure Average STD n Average STD n Average STD n

Empirical  Resistance
Flexivent 0.797 0.014 3 0941 0.097 3 0849 0.04 3
(cmH,O-s/mL)

Data
Compliance
55.7 6.17 3 50.4 6.83 3 60.8 32 3
(uL/cmH0)
viouse Resistance 0.741 0.086 12 0.827 0.173 15 0.84 0.203 16
Phenome : : : : : :
Database (CMHEO-S/ML)
(MPD) Compliance
38.1 201 12 45.5 3.85 15 42.4 3.14 16
(uL/cmH0)

Table 5.10: Resistance and compliance values for the C57BL/6, A/J, and BALB/c
inbred mouse strains obtained from empirical pulmonary function testing and the
MPD [57].
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Figure 5.13: H&E histology comparison of C57BL/6, A/J, and BALB/c central airways. The left and right main

bronchi from the region following RMBL1 at low magnification a) C57BL/6, c) A/J, and e) BALB/c. At higher
magnification the smooth muscle and cartilage is easier to distinguish and it appears the b) C57BL/6 has more smooth
muscle than the d) A/J, and e) BALBI/c.
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C57BL/6 AlJ BALB/c

Mean Chord Length Mean Chord Length Mean Chord Length
(um) (um) (um)
LEFT RIGHT LEFT RIGHT LEFT RIGHT
Overall 39.5(1.7) 41.4(1.9) 48.1 (2.6) 48.3 (2.5) 39.7 (1.8) 40.3 (1.8)
Apex 38.4 (1.6) 37.9 (1.7) 455 (2.3) 49.2 (2.6) 37.4 (1.7) 33.2 (1.3)
Mid 39.3(1.7) 41.9 (1.9) 48.8 (2.5) 49.1 (2.6) 39.5 (1.8) 40.4 (1.8)
Base 38.3(1.6) 41.9 (1.9) 49.1 (2.8) 49.7 (2.7) 40.8 (1.9) 40.9 (1.9)

Table 5.11: Mean chord lengths for the C57BL/6, A/J, and BALB/c strains based on lung region.

3€T
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Frequency chord lengths for C57BL/6 vs A/J vs BALB/c
Overall-Left Lung
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Figure 5.14: Airspace chord length distribution for C57BL/6, A/J, and BALB/c for the left lung. Visible
differences in the frequency of chords of the A/J compared to the C57BL/6 and BALB/c strains.
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Frequency chord lengths for C57BL/6 vs A/J vs BALB/c
Apex-Left Lung
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Figure 5.15: Airspace chord length distribution for C57BL/6, A/J, and BALB/c for the apex of the left lung.
Visible differences in the frequency of chords of the A/J compared to the C57BL/6 and BALB/c strains.
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Frequency chord lengths for C57BL/6 vs A/J vs BALB/c
Mid-Left Lung
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Figure 5.16: Airspace chord length distribution for C57BL/6, A/J, and BALB/c for the middle of the left lung.
Visible differences in the frequency of chords of the A/J compared to the C57BL/6 and BALB/c strains.
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Frequency chord lengths for C57BL/6 vs A/J vs BALB/c
Base-Left Lung
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Figure 5.17: Airspace chord length distribution for C57BL/6, A/J, and BALB/c for the base of the left lung.
Visible differences in the frequency of chords of the A/J compared to the C57BL/6 and BALB/c strains.
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Frequency chord lengths for C57BL/6 vs A/J vs BALB/c
Overall-Right Lung
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Figure 5.18: Airspace chord length distribution for C57BL/6, A/J, and BALB/c for the right lung. Visible
differences in the frequency of chords of the A/J compared to the C57BL/6 and BALB/c strains.
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Frequency chord lengths for C57BL/6 vs A/J vs BALB/c
Apex-Right Lung
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Figure 5.19: Airspace chord length distribution for C57BL/6, A/J, and BALB/c for the apex of the right lung.
Visible differences in the frequency of chords of the A/J compared to the C57BL/6 and BALB/c strains.
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Frequency chord lengths for C57BL/6 vs A/J vs BALB/c
Mid-Right Lung
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Figure 5.20: Airspace chord length distribution for C57BL/6, A/J, and BALB/c for the middle of the right lung.
Visible differences in the frequency of chords of the A/J compared to the C57BL/6 and BALB/c strains.
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Frequency chord lengths for C57BL/6 vs A/J vs BALB/c
Base-Right Lung
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Figure 5.21: Airspace chord length distribution for C57BL/6, A/J, and BALB/c for the base of the right lung.
Visible differences in the frequency of chords of the A/J compared to the C57BL/6 and BALB/c strains.
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Figure 5.22: Single BFST field of view of the parenchyma for the C57BL/6, A/J, and BALB/c strains. The
parenchyma in a) the C57BL/6 appears to have less alveolar ducts than in b) the A/J. Likewise, the parenchyma in c)
the BALB/c also appears to have less alveolar ducts than the A/J.
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Percentage distribution

of chord lengths

Odds Ratio (95% Confidence Limits)

Region Cord length
9 9 3 | BALBJc | o7 | AQVs. BALBIC| AlJvs. | BALBIC vs.
C57 C57
1.63 155 0.95
>70 19.2 | 13.4 13.5 | (1.14, 2.34) (1.17,2.04) | (0.64, 1.41)
p=0.007 p=0.002 p=0.794
, 1.05 1.02 0.98
Right Apex | 10-65 765 | 818 81.8 | (0.91,1.21) (0.88, 1.19) | (0.82, 1.16)
p=0.508 p=0.747 p=0.793
<10 4.3 4.8 4.7 -ref- -ref- -ref-
1.74 1.65 0.95
>70 203 | 14.0 15.0 | (1.43, 2.12) (1.38,1.99)| (0.73,1.24)
p<0.0001 p<0.0001 | p=0.710
. . 1.10 1.16 1.05
Right Mid | 1065 756 | 81.2 80.0 | (0.98, 1.24) (0.97,1.37) | (0.87,1.27)
p=0.109 p=0.102 p=0.630
<10 4.1 4.8 5.0 -ref- -ref- -ref-
154 1.50 0.98
>70 213 | 14.0 15.6 | (1.14, 2.09) (1.23,1.84) | (0.69, 1.37)
p=0.005 p<0.0001 | p=0.885
Riaht B 0.91 1.03 1.13
ight base | .65 743 | 815 795 | (0.83, 0.99) (0.92,1.16) | (0.99, 1.29)
p=0.038 p=0.604 p=0.054
<10 45 45 4.9 -ref- -ref- -ref-
1.46 1.36 0.93
>70 19.0 | 133 14.5 | (1.15, 1.86) (1.08,1.72) | (0.78,1.12)
p=0.002 p=0.010 p=0.435
Left A 0.95 0.98 1.03
EILAPEX | 1065 763 | 818 80.6 | (0.84,1.08) (0.87,1.11) | (0.99, 1.08)
p=0.446 p=0.789 p=0.151
<10 4.8 49 5.0 -ref- -ref- -ref-
1.87 1.01 1.02
>70 19.8 | 12.9 13.7 | (1.46, 2.38) (1.52,2.40) | (0.82, 1.28)
p<0.0001 p<0.0001 | p=0.837
Left 1.12 1.25 112
Mid 10-65 765 | 825 81.3 | (0.99, 1.28) (1.02, 1.55)| (0.93, 1.35)
p=0.080 p=0.033 p=0.247
<10 3.8 4.6 5.0 -ref- -ref- -ref-
1.56 1.79 1.15
>70 202 | 13.4 12.1 | (1.17,2.07) (1.53,2.10) | (0.89, 1.49)
p=0.002 p<0.0001 | p=0.278
0.95 0.98 1.03
Left Base | ;445 753 | 82.0 83.0 | (0.89, 1.02) (0.92,1.04)| (0.98, 1.08)
p=0.154 p=0.471 p=0.307
<10 4.5 4.6 4.9 -ref- -ref- -ref-

14c

Table 5.12: Percentage distribution of chord lengths and the odds ratios of chord
length >70 pm (and 10-65 pm) relative to chord length < 10 um between strains.
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CHAPTER 6
SUMMARY AND FUTURE DIRECTIONS

6.1 Summary of Contributions

In this research, we confirmed our hypothesis that the ‘normal’ mouse lung
anatomy consists of a spectrum of characteristics and that significant differences in lung
structure exist between the C57BL/6, A/J, and BALB/c inbred mouse strains. As an
outcome, we have characterized the lung structure phenotypes including the lobes,
tracheobronchial tree, and peripheral airspace.

We have successfully completed the specific aims of this research which include:
Specific Aim 1:The development of an image acquisition sequence for
collection of the in vivanicro-CT, ex vivo micro-CT, LIMA, and histology
datasets for the mouse lung.

Specific Aim 2:Define the smallest anatomical structure of the mouse lung
that can be resolved using the Siemens Micro-CAT Il micro-CT system
Specific Aim 3:Characterize the normal mouse lung anatomy including the
lobes and tracheobronchial tree in the C57BL/6, A/J, and BALB/c inbred
mouse strains using in vivo micro-CT.

Specific Aim 4:Assess the lung parenchyma airspace in the C57BL/6, A/J,
and BALB/c strains.

In this work we have developed the experimental methods necessary for in vivo
and ex vivo mouse lung imaging, as described in Chapter 3. This spanned developing
animal handling, anesthesia protocols, and micro-surgical techniques to undertaking in
vivo micro-CT imaging utilizing a novel breath hold approach for acquiring high
resolution images. The development of a tissue fixation protocol was necessary for
successful ex vivo imaging between the micro-CT, LIMA, and histology. The

incorporation of the LIMA system in this study provided a means to directly correlate the
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ex vivomicro-CT image data to histology since it maintains spatial correspondence. In
addition, specific hardware modifications were developed in order to improve image
acquisition and detection of lung structures. This included: a mouse lung orientation
device custom fit to the micro-CT bed and the LIMA specimen stage, a dynamic
embedment container for successful sectioning of the mouse lung using the LIMA
system, and the development of a unique illumination device, BFST, for increased
surface contrast of lung tissue for improved identification of lung structure boundaries in
the LIMA images. Finally, the modification of protocols for processing and embedding
mouse lung tissue sections with agarose from the LIMA system for histology was
perfromed (Specific aim 1).

Image processing and analysis techniques were implemented for visualization and
guantification of the normal lung structure in the C57BL/6, A/J, and BALB/c mice, as
discussed in Chapter 4. For each imaging modality, including in vivexavisso micro-

CT, LIMA and histology, processing and analysis of images was completed for extraction
of lung structures including the entire lung, individual lobes, and the airway tree as well
as identification of the airspaces of the parenchyma (alveoli and alveolar ducts). In order
to compare image information between datasets, registration techniques were employed,
while the LIMA system served as the reference. This important imaging tool provided a
means for defining the smallest lung structures in the micro-CT images through
registration with the LIMA, BFST, and histology image data (Specific aim 2). Validation
of the manual airway segmentation technique was completed through assessment of
overlapping regions using tlkemetric with three observers. Finally, micro-CT measured
airway structures were validated using the LIMA system.

The micro-CT image data was compiled (Chapter 5) to characterize the in vivo
lung structure phenotypes. This included anatomical and volume analysis of the total
lung, individual lobar structures, and visualization and comprehensive quantification of

the airway tree. The development of a mouse airway nhomenclature was also necessary
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for the characterization of the in vivo airway tree structures as well as for comparative
analysis of the airway structures between the inbred mouse strains utilized in this
research (Specific aim 3).

Finally, the assessment of the peripheral airspace was made through the
development of an automated airspace analysis program for evaluation of the mean chord

length metric from digitized H&E histology slides (Specific aim 4).

6.2 Research Limitations

The greatest limitation that we encountered in this research was the extremely
time intensive processes that prevented high throughput analysis of the mouse lung
structure phenotypes. The acquisition time for collecting the data for a single mouse lung
was over 70 hours (conservative estimate) and this did not include the processing and
analysis time that was necessary for extracting the lung structure information. For
instance, on average a micro-CT scan is 8x’s larger in size than a standard CT scan.
Since manual techniques were utilized for many of the processing and analysis
techniques for these large datasets, the number of samples that could be completed was
limited. The potential for high throughput analysis ultimately lies in the availability of
automated techniques.

Successful imaging the mouse lung in vimduded a gating technique that would
improve the image quality of the micro-CT system. The IIBH technique used during the
imaging process utilized a forced airway pressure which may or may not represent the
true inflation state of a spontaneously breathing mouse. In addition, the accurate pressure
range in the spontaneously breathing mouse is unknown and it is uncertain if the positive
pressure (rather than negative pressure) induced any error in the airway metrics.

Finally, the manual segmentation of the airways provides valuable first pass data
and we have shown that the variability is low enough to identify significant differences

between the normal airways in these three strains of mice. However, measurements were
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not generated perpendicular to the centerline of the airway and several of the segments
could not be measured since they were parallel to the imaging plane and were omitted
(ApRMB2 and LBA2).

Although these limitations exist, the knowledge of the normal mouse lung
anatomy has been greatly expanded through this research. Advancements in the
techniques for imaging the mouse lung have been made and the potential for developing
automated techniques for analyzing the current image data with manual segmentations

and measurements for validation are now available.

6.3 Future Directions

There are many future directions that would lead to the advancement of the
research that was undertaken in this thesis. First, improvements to the micro-CT image
reconstruction algorithms could potentially increase the image quality and the ability to
distinguish lung structures. The improvements would include reduction of ring artifacts,
beam hardening, and thermal noise variations in and across datasets. This would also aid
in the development of automated segmentation algorithms, which leads to the second
direction that should be undertaken—the development of multiple automated lung
structure segmentation algorithms. The extremely time intensive process of manually
segmenting and analyzing such large datasets prevents the ability to perform high
throughput analysis. Therefore, the development of automated mouse lung, lobe and
airway segmentation algorithms would be the first step in decreasing processing time. In
addition, the development an automated lung, lobe and airway analysis package would be
necessary for improved lung structure quantitative analysis. This would include an
airway centerline and the ability to output airway diameters perpendicular to the airway
segment. In addition, branch length and volume as well as lung, lobe volume and density

measurements would be extremely valuable.

www.manaraa.com



15C

The development of automated techniques for processing and analysis of the
image data would allow a high throughput investigation of inbred mouse strains that we
have not looked at in this research. Some additional strains of interest include the
C3H/HeJ, FVB/nJ, 129Sv/ImJ, and the SWR/J where lung function values have been
collected but lung structure is still unknown.

A comprehensive knowledge of the airway wall composition would also prove
highly valuable as a future direction. We have preliminarily identified differences in the
amount of smooth muscle between these inbred mouse strains. Further investigation of
the amount, distribution and orientation of smooth muscle between the different strains of
mice must be performed

We have identified significant differences in the peripheral airspace between the
A/J and C57BL/6 and BALB/c strains. Further investigation of the peripheral airspace
differences between the three strains of mice studied is necessary. This would include
calculating the number of alveoli as well as alveolar ducts in the C57BL/6, A/J, and
BALB/c inbred strains through unbiased stereological techniques.

Finally, the compilation of the mouse lung structure phenotype metrics into the
Jackson Lab’s MPD would be highly useful to future researchers interested in studying
the structure and function relationship in the lungs of normal and diseased inbred mouse
strains. The data we have acquired in this research is the most comprehensive analysis
undertaken on the same mouse lung and includeso and ex vivo lung metrics. In
addition, the availability of these image datasets for future research including the
development of automated processing and analysis techniques, education for biomedical
scientists interested in pulmonary research, and development of new pulmonary imaging

modalities for the mouse including optical tomography.
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Figure Al: C57BL/6 Area vs Generation for RMB, AzZRMB, ApRMB and CaRMB.

www.manharaa.com



DiRMB
6 = 10emH20
~#-20cmH20
s ~+-30emH20
4
ga
2
1
RMBL RMB2 DIRMB3 DiRMEBS DIRMBS DIRMBG DIRMB7
Generation
DiRBB
& = 10cmH20
~#-20cmH20
5 ~+-30emH20
4
ga
=4
2
1
o | : ; .
RMB1 RMB2 DiRMB3 DiRMB4 DiRBBS
Generation
DiRBD
1 =+=10cmH20
~#-20cmH20
5 ~+30emH20
4
ga
<
2
1
0+
RMBL RMEB2 DIRMB3 DiRMEB4 DIRMBS DIRMEG DiRBD7
Generation

DiRBA
~*-10emH20
~#-20cmH20
“+30emH20
RMB1 RMB2 DIRMB3 DiRBAS
Generation
DiRBC
~+=10cmH20
~#-20cmH20
- 30emH20
RMBL RMB2 DiRME3 DiRMES DiRMES DiRBCE
Generation
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Figure A9: C57BI/6 Minor Diameter vs Generation for LMB, LBA, LBB, LBC and
LBD.
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Figure A11: C57BI/6 Branch Length vs Generation for DIRMB, DiRBA, DiRBB,
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Figure A12: C57BI/6 Branch Length vs Generation for LMB, LBA, LBB, LBC and
LBD.
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Figure A13: A/J Area vs Generation for RMB, AzZRMB, ApRMB and CaRMB.
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Figure Al4: A/J Area vs Generation for DIRMB, DiRBA, DIRBB, DIRBC, and DiRBD.
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Figure A15: A/J Area vs Generation for LMB, LBA, LBB, LBC and LBD.
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Figure A17: A/J Major Diameter vs Generation for DiIRMB, DiRBA, DiRBB, DIRBC,
and DIRBD.
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Figure A18: A/J Major Diameter vs Generation for LMB, LBA, LBB, LBC and LBD.
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Figure A19: A/J Minor Diameter vs Generation for RMB, AzZRMB, ApRMB and
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Figure A20: A/J Minor Diameter vs Generation for DIRMB, DiRBA, DiRBB, DiRBC,
and DIRBD.
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Figure A21: A/J Minor Diameter vs Generation for LMB, LBA, LBB, LBC and LBD.
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Figure A22: A/J Branch Length vs Generation for RMB, AzZRMB, ApRMB and
CaRMB.
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Figure A23: A/J Branch Length vs Generation for DIRMB, DIRBA, DiRBB, DiRBC,
and DIRBD.
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Figure A24: A/J Branch Length vs Generation for LMB, LBA, LBB, LBC and LBD.
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Figure A25: BALB/C Area vs Generation for RMB, AzRMB, ApRMB and CaRMB.
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Figure A26: BALB/C Area vs Generation for DIRMB, DiRBA, DiIRBB, DiRBC, and
DiRBD.
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Figure A27: BALB/C Area vs Generation for LMB, LBA, LBB, LBC and LBD.
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Figure A28: BALB/C Major Diameter vs Generation for RMB, AzZRMB, ApRMB and
CaRMB.
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Figure A29: BALB/C Major Diameter vs Generation for DiRMB, DiIRBA, DiRBB,
DiRBC, and DiRBD.
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Figure A30: BALB/C Major Diameter vs Generation for LMB, LBA, LBB, LBC and
LBD.
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Figure A31: BALB/C Minor Diameter vs Generation for RMB, AzZRMB, ApRMB and
CaRMB.
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Figure A32: BALB/C Minor Diameter vs Generation for DiRMB, DiRBA, DiRBB,
DiRBC, and DiRBD.
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Figure A33: BALB/C Minor Diameter vs Generation for LMB, LBA, LBB, LBC and
LBD.
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Figure A34: BALB/C Branch Length vs Generation for RMB, AzZRMB, ApRMB and
CaRMB.
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Figure A35: BALB/C Branch Length vs Generation for DIRMB, DiRBA, DiRBB,
DiRBC, and DiRBD.
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Figure A36: BALB/C Branch Length vs Generation for LMB, LBA, LBB, LBC and
LBD.
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