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Abstract

Vascular canals in cortical bone during growth and development typically show an
anisotropic pattern with canals falling into three main categories: circumferential, radial,
and longitudinal. Two major hypotheses attempt to explain the preferred orientations in
bone: that vascular canal orientation is optimized to resist a predominant strain direction
from functional loading, or that it reflects growth requirements and velocity. This thesis
presents a novel method to measure the three dimensional (3D) orientation of vascular
canals. Image data are obtained from micro-CT scans and two angles are measured: phi,
determining how longitudinal a canal is; and theta, determining whether a canal is radial
or circumferential. This method offers a direct (3D) method for quantifying features of
canal orientation and can be applied easily and non-destructively to multiple species and
bones. This thesis describes two major studies to examine the orientation of vascular canals
in birds and bats, the two extant groups of flying vertebrates. The first study examined the
vascular canal network in the humerus and femur of a comparative sample of 31 bird and
24 bat species to look for a connection between canal orientation and functional loading.
In addition to canal orientation several cross-sectional geometric parameters and strength
indices were measured. The results indicated that the bat cortices are relatively thicker
and poorly vascularized, whereas those of birds are thinner and more highly vascularized,
and that bird bones have a greater resistance to torsional stress than the bats; in particular,
the humerus in birds is more adapted to resist torsional stresses than the femur. Our results
show that birds have a significantly higher laminarity index than bats. Counter to
expectation, the birds had a significantly higher laminarity index in the femur than in the
humerus. We conducted a comparison between our 3D method and an analogue to 2D
histological measurements. This comparison revealed that 2D methods significantly
underestimate the amount of longitudinal canals by an average of 20% and significantly
overestimate the laminarity index by an average of 7.7%, systematically mis-estimating
indices of vascular canal orientations. The second study was a controlled growth
experiment using broiler chickens to investigate the effect of growth rate on vascular canal
orientation. Using feed restriction we set up a fast growing control group and a slow
growing restricted group. We found consistent patterns in the comparison between the
humerus and the femur in both groups, with the humerus having higher laminar and
longitudinal indices and a lower radial index than the femur. The faster growing group
had higher radial indices and lower laminar and longitudinal indices in both the humerus
and the femur than the restricted group. The higher radial indices in our control group
point to a link between radial canals and faster growth, and laminar canals and slower
growth, while the higher laminar indices in the humerus contradict the results of the first
study and point to a link between circumferential canals and torsional loading. We believe
this difference is due to differences in femoral loading between chickens and other birds.
Overall our results indicate that the orientation of the cortical canal network in a bone is
the consequence of a complex interaction between that bone’s growth rate and functional
loading environment.
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Chapter 1. Introduction
1.1. Specific aims

This thesis explores the orientation of vascular canals in cortical bone in the two extant
groups of flying vertebrates: birds and bats. Bone disorders such as osteoarthritis and
osteoporosis are common and have a large toll on society. At a more fundamental level,
bone is an important tissue with biological significance for behaviour and locomotion.
Within bone, cortical bone and the cortical canals within play an important part of bone’s
strength and resistance to failure during loading. In cortical bone, vascular canal
orientation has been linked to the growth and development of cortical bone and it’s
response to functional loading, and may therefore be a useful parameter for reconstructing
the life history of extinct vertebrates. Vascular canal orientation is a cortical bone
parameter that remains relatively unexamined and may reveal new information for
understanding bone growth and development pathways and how they interact with the
effects of functional loading on bone. Untangling these associations is important for a
complete understanding of cortical bone development and for future analytical use of this
parameter. Most previous work on canal orientation used histology, with the exception
being work in the Cooper lab by Hayley Britz (2012), a previous student in the lab. This
work, the first to use micro-CT to measure the orientation of canals, was limited to
analyzing orientation in the plane of section.

The first goal of this thesis was to extend the method used by Ms. Britz to measure
orientation in both the plane of section and orthogonal to the plane of section, to obtain
the full 3D orientation of the canal network, something that had not previously been done.
We chose to use synchrotron micro-CT at the Canadian Light Source BMIT beamline due
to several significant advantages over conventional desktop micro-CT. The BMIT micro-
CT setup uses phase contrast and has a high resolution (4.3 um) high field of view (18-19
mm) camera system allowing for imaging of whole cortical bone cross-sections.

The second goal of the thesis is to test the following two hypotheses: first, that the
orientation of vascular canals is connected to the loading a bone experiences; and second,
that the orientation of vascular canals is affected by the growth rate of a bone. We used
birds as our target species to investigate canal orientation and test our hypotheses. Several
previous studies on canal orientation have focused on birds (de Margerie, 2002; de
Margerie, Cubo & Castanet, 2002; de Margerie et al., 2004; Skedros & Hunt, 2004; de
Margerie et al., 2005; de Margerie, Tafforeau & Rakotomanana, 2006; de Margerie &
Rakotomanana, 2007; Simons & O'Connor, 2012; Marelli & Simons, 2014; Lee & Simons,
2015) as flight is a behavioural locomotor mode with strong forces and presents the
opportunity to look for a connection between canal orientation and functional loading.
This thesis exclusively uses micro-CT to measure canal orientation, and the 3D results
presented here are a significant advance over previous results in the field.



1.2. Organization of the thesis

This, the first chapter of the thesis, presents a broad introduction to bone microstructure,
especially cortical bone, the common methods used to study it, and an introduction to the
goals of the thesis. The body of this thesis (Chapters 2-4) is organized as three research
projects, presented as complete research articles. Chapter 2, entitled “A method for
measuring the three-dimensional orientation of cortical canals with implications for
comparative analysis of bone microstructure in vertebrates”, was published in 2017 in the
journal Micron and has been reprinted here with the permission of the publisher (see
appendix). This chapter discusses in depth the 3D method used to measure vascular canal
orientation. Chapter 3, entitled “Interpreting the three-dimensional orientation of vascular
canals and cross-sectional geometry of cortical bone in birds and bats.”, was published in
early 2018 in the Journal of Anatomy. This paper was published with collaborators Dr. JD
Johnston from the department of mechanical engineering and Dr. Ernie Walker from the
department of archaeology and anthropology, both at the University of Saskatchewan and
committee members for this thesis. Dr. Johnston performed the cross-sectional geometry
measurements and helped with review of the paper, and Dr. Walker provided bird samples
and insight into the early path this research would take. This chapter uses a comparative
sample of birds and bats to attempt to link canal orientation and cross sectional geometric
parameters with the specific functional loading resulting from flight. It compares the canal
orientation in the humerus and femur and in the two groups. Chapter 4, entitled “The effect
of growth on the three dimensional orientation of vascular canals in the cortical bone of broiler
chickens.”, is a study of vascular canal orientation in a controlled growth experiment using
broiler chickens. It presents a comparison between fast growing and slow growing groups
to investigate the effect of growth rate on canal orientation. Chapter 5 then concludes the
thesis with a general overview of the research studies in the previous chapters and
thoughts on future paths this research may go down.

1.3. Bone macrostructure and microstructure

As a material bone is composed mainly of hydroxyapatite, a hard calcium-phosphate
mineral providing stiffness and compressive strength, and collagen fibers forming a soft
organic component providing flexibility and tensile strength (Currey, 2002). The
combination of these two components allows for bone to be both rigid and flexible. Bone
is divided into two major macroscopic tissue types: cortical bone and trabecular bone.
Cortical bone forms the dense outer shell surrounding the marrow cavity in the diaphysis
of long bones. Trabecular bone, also called cancellous or spongy bone, is made of a mesh-
like network of struts and plates. Trabecular bone is found in flat bones and in long bones
at the ends in the epiphyses and metaphyses (Currey, 2002). Towards the ends of a long
bone the cortical shell starts to blend with trabecular bone and the boundary between the
two tissue types becomes less distinct and forms a transition zone. Cortical and trabecular
bone are shown in figure 1.1.



Cortical bone

Trabecular bone

Figure 1.1: Cortical and trabecular bone shown in a micro-CT scan of the proximal region
of a rat ulna. Cortical bone forms the solid shell surrounding the marrow cavity and the
mesh of trabecular bone struts.

Bones are formed through two initial processes: endochondral and intramembranous
ossification (Hall, 2005). Intramembranous ossification is simpler and results directly from
mesenchymal condensation of osteoblasts, while endochondral ossification is more
complex. Bones formed by endochondral ossification such as long bones are first laid down
as a cartilage precursor. From this structure, bone is laid down longitudinally around
centres of ossification extending the bone into its full length. During this process bone is
also laid down diametrically by direct deposition at the periosteum. Bone formed during
these processes is called primary bone. During life, bone is constantly adapting to the
constantly changing biological and loading environment it is experiencing. The processes
that govern bone’s responses during life are grouped into two main categories: modeling
and remodeling (Frost, 1963). Modeling changes the geometry of the bone, including its
shape and size, through bone formation and resorption at the periosteal and endosteal
bone surfaces and on the surfaces of vascular canals (Maggiano, 2012). Bone formed
during modeling is also classified as primary bone. Primary bone can be laid down either
as woven bone, with irregularly oriented collagen fibres, or as lamellar bone, in concentric
layers forming circumferential rings in the diaphysis (Currey, 2002). Woven bone is mostly
found during the early development of a bone or during fracture repair. As lamellar bone
forms layers on the periphery of the bone it encompasses vascular canals in the bone which
then form primary canals/osteons. Modeling and remodeling are illustrated in figure 1.2.

Remodeling is a targeted process of renewal and repair that occurs throughout life. This
process is driven by coordinated groups of bone cells known as basic multicellular units
(BMUs) (Frost, 1963). These BMUs operate with osteoclasts at the head forming a leading
or cutting cone which removes existing bone to form a resorption space, followed by
osteoblasts in a closing cone which fill in the space, initially with osteoid material and later
with mineralized bone, leaving a new vascular canal. This canal is formed around the



central blood vessel in the BMU, and surrounded by concentric rings of new bone called
lamellae (Robling, Castillo & Turner, 2006). Remodeling is thought to be a targeted
process driven by strain gradients in the lacuno-canalicular network where BMUs are
initiated to respond to loading and microdamage in the bone (Burr et al., 1985; Martin,
2007). These canals and the surrounding lamellae are known as Haversian systems or
secondary osteons (Frost, 1963). The result of remodelling is the continual creation of new
osteons and vascular canals in the tissue and the formation of secondary bone. Remodeling
occurs in most but not all large vertebrates and is found in all major groups of vertebrates
from dinosaurs and other extinct vertebrates to modern animals including birds, reptiles,
fish, and mammals (Enlow & Brown, 1958; Witten & Huysseune, 2009). The presence of
remodeling has been proposed to increase the strength of a bone (Currey & Alexander,
1985) and may be linked to body size, with smaller bones having fewer Haversian systems
(de Ricqles et al., 1991).

Bone modeling growth

—

Bone remodeling
growth

Figure 1.2: Modeling and Remodeling. Modeling growth acts on bone surfaces and affects
the dimensions of the bone, while remodeling acts through BMUs and replaces existing
bone tissue for repair or optimization of cortical bone.

Cortical bone, and cortical porosity are important components of whole bone mechanical
strength (Carter, 1984; Ammann & Rizzoli, 2003; Augat & Schorlemmer, 2006; Cooper et
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al., 2016). This thesis is focused on cortical bone morphology and microstructure, a
developing area of active research. Studies in humans and animals (Pearson & Lieberman,
2004) have shown that behavioural differences in locomotion and upper limb activity
cause differences in cortical bone diaphyseal cross sectional morphology. Measurements
of cortical area, trabecular/marrow area, cortical thickness, trabecular/marrow thickness,
and calculated parameters based on these measures reflect bone attributes such as strength
and resistance to loading (Lieberman, Polk & Demes, 2004; Shaw & Stock, 2009; Johnston
et al., 2014). Measures such as the principal area moment of inertia (I) and the principal
section modulus (Z) reflect the resistance of a bone to bending around a chosen axis, with
the maximum and minimum measures (Ina.x VS Inin, Zmax VS Zmin) reflecting the highest and
lowest resistances of the bone being most commonly used. The polar area moment of
inertia (I,) and polar section modulus (Z,) reflect the bone resistance to torsional loading
(Marelli & Simons, 2014). Cortical area is a measure of the resistance of a bone to axial
compression (Lieberman, Polk & Demes, 2004), while cortical thickness and outer cortical
diameter reflect resistance to bending (Ammann & Rizzoli, 2003). The circularity of a bone
also reflects loading direction, with elliptical bones interpreted as having higher resistance
to bending along the major axis, whereas more circular bones have more even bending
resistance in every direction and are more resistant to torsional loading (de Margerie et
al., 2005). See figure 1.3 for illustration of the maximum and minimum axes and chapter
3 for more detail on cross sectional parameters and their calculation.

Figure 1.3: Representative cross sectional image used for Chapter 3 analysis. This image
is of a Common loon humerus taken at mid-shaft. The white region is the cortical area,



the red outer line and the green inner line represent the periosteal and endosteal surfaces
respectively. Maximum and minimum principal axes are shown in blue and labelled. These
axes represent the axes across which the bone’s resistance to bending is highest and lowest.
The intersection of the axes is the bone centroid.

In cortical bone microstructure, cortical porosity has been tied to mechanical properties
including fracture resistance (Yeni & Norman, 2000) and has been linked with age related
degeneration of bone and osteoporosis (Nishiyama et al., 2010). A number of parameters
exist to quantify the morphology and distribution of vascular canals in the cortex (Cooper
et al., 2003). These include canal volume, canal surface area, cortical porosity (also called
percent porosity), and the number, diameter, separation of canals. Another parameter of
interest has been vascular canal orientation, which has been linked to functional loading
history (Hert, Fiala & Petrtyl, 1994; Petrtyl, Hert & Fiala, 1996; de Margerie, 2002). This
last parameter, canal orientation, is the overarching focus of this thesis, and it is described
further in detail in chapters 2, 3, and 4.

1.4. Bone imaging
1.4.1. Histology

The first visualization of bone microstructure was done by ground section undecalcified
bone histology, and histology remains to be a useful method and the most accessible
method of imaging bone tissue (Crowder & Stout, 2012; Padian, 2013). Specimens are cut
into thin sections using a diamond wafer saw and then ground to a thickness of 50-100
wm and imaged using visible light microscopy. Additional microscopy enhancements such
as linearly or circularly polarized light can help to visualize additional features in bone
microstructure (Cho, 2012). Histology has excellent resolution - with proper components
an optical light microscope has resolution close to the wavelength of visible light, close to
200 nm. Histology can visualize osteon systems including BMUs and resorption spaces, the
lacuno-canalicular network, collagen fiber orientation, micro-cracks, and cortical bone
tissue type (see figure 1.4). Importantly, histology can distinguish primary bone and
primary canals from secondary bone and secondary canals by visualizing features created
during remodeling like osteon boundaries. Histology has two significant weaknesses — by
its nature it is limited to analyzing bone in only two dimensions, while bone is a
fundamentally 3D tissue, and a single histological section is an inherently small sample.
Bone parameters often vary significantly at different sampling sites in a bone, so the choice
of where to take a section is critical when using histological methods. Both trabecular and
cortical bone exhibit significant anisotropy in their structure, which limits the effectiveness
of histological measurements. For example, the use of histology in measuring lacunar
parameters is limited to measuring lacunar density in the small numbers present in a single
histological section, and measurements of lacunar morphology are inherently limited by
the missing third dimension (Carter et al., 2013). Some attempts have been made to
expand the method into three dimensions with serial sectioning, a challenging method
which attempts to analyze consecutive histology sections (Cohen & Harris, 1958; Tappen,
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1977; Dehoff, 1983a; Stout et al., 1999), but most attempts at serial sectioning were
abandoned with the advent of newer 3D methods such as confocal laser scanning
microscopy and x-ray imaging combined with computer visualization. The necessity of
using 3D methods for studying cortical bone morphology was especially emphasized by
Stout (1999), who showed that osteons previously described as “dumbbell-shaped” were
actually the result of sectioning through a branching point in the osteon network.

1.4.2. Confocal laser scanning microscopy

An important development in bone imaging was the maturation and use of confocal laser
scanning microscopy (CLSM) in the 1980s (Amos & White, 2003) alongside the use of
fluorescent labels. CLSM uses a laser light source and a pinhole to focus light onto a small
area of a sample and isolate only the focal area. The light beam is then rastered across the
sample to create the image. CLSM offers a higher resolution than conventional optical
microscopy by using a laser source, and has better depth sensitivity allowing for imaging
at multiple points along the z dimension. By changing the focal length the microscope can
take images at different depths in the sample. While this allows for the creation of image
stacks allowing for 3D visualization of biological targets, the depth penetration is low,
providing only a small allowable sample thickness around 1 mm (Paddock, 2000). CLSM
is limited to a very small sample size, which limits the imaging of larger samples. CLSM is
an excellent technique for imaging the lacuno-canalicular network (Ciani, Doty & Fritton,
2009; Ashique et al., 2017) and bone tissue but isn’t efficient for imaging the cortical canal
system as the ‘height’ of the sample is extremely limited and the sample size is small.

1.4.3. Micro computed tomography

The most important tool for observing and assessing trabecular and cortical bone
morphology and microstructure is micro computed tomography (micro-CT). Micro-CT is
high resolution computed tomography (CT) with a generally accepted range from around
1-100 um and was first used to image trabecular bone microstructure by Feldkamp (1989).
Micro-CT quickly became the gold standard for 3D analysis of bone microstructure (see
figure 1.4). The two main micro-CT systems are synchrotron x-ray sources and ‘desktop’
or ‘laboratory’ based commercial systems using polychromatic microfocus x-ray tubes.
Computed tomography was initially developed in 1973 (Hounsfield, 1973) and was
rapidly adopted in radiology on the basis of its revolutionary 3D imaging power, with G.
N. Hounsfield and A.M. Cormack sharing the 1979 Nobel Prize in Physiology or Medicine
for its development. Computed tomography uses differential x-ray absorption across
materials or tissue types to construct a 3D image from 2D x-ray projection images. These
projection x-ray images are taken in series of an object rotated at defined angles through
180 or 360 degrees. Each pixel in the projection images represents a line integral of the x-
ray energy absorption coefficients in the path through the scanned object so the denser a
material is to x-rays, the darker the resulting pixel will be. From the series of projections,
the line integrals can then be solved to obtain the absorption coefficients of the different
materials in the object, and create a 2D map of the absorption coefficients in the plane of
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the x-ray beam. In this way 2D projection images are turned into image slices that can be
compiled to form a 3D volume that accurately represents the original sample. In the
reconstruction image the gray levels are inverted so that the background is dark and areas
of higher absorption are bright.

Figure 1.4: Comparison between histology and micro-CT techniques. On the left is a
ground bone section histology image of an unidentified dinosaur bone, showing bone full
of Haverisan systems (see black arrow for an example) with a few leftover primary canals
(see white arrow for an example). In the histology image osteocyte lacunae, osteon
boundaries, and osteon lamellar rings are all visible. On the right is a micro-CT image of
human femoral bone. In this image differentiators of primary and secondary canal systems
are noticeably absent.

Absorption contrast has difficulty with differentiating soft tissue, and this has led to the
development of techniques to enhance contrast through the use of stains and the use of
phase contrast. Contrast-enhanced micro-CT relies on absorption contrast but uses stains
based on heavy elements to increase the absorption of x-rays in targeted soft tissue
(Metscher, 2009a,b). The most common stains used include phosphotungstic acid,
phosphomolybdic acid, osmium tetroxide, potassium iodide, and Lugol’s solution (I,KI)
(Pauwels et al., 2013) and are selected for solubility in tissue and the ability to bind to the
tissue of interest. Examples of the use of contrast-enhanced imaging include imaging the
jaw musculature in rodents (Cox & Jeffery, 2011) and imaging the development of early
tooth formation (Raj et al., 2014).

Phase contrast imaging produces excellent image quality, and enhanced contrast which
helps with tissue (especially soft tissue) discrimination. Phase contrast also has a
resolution enhancing effect that can help with imaging small targets (Lewis, 2004). A
phase shift is produced as photons pass through a sample and scatter and is capable of
generating significantly enhanced contrast (Zhou & Brahme, 2008). The resulting phase
contrast in the image decreases less rapidly with increasing x-ray energy than absorption
contrast, and is more tolerant to noise. While phase contrast imaging can be done using a
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polychromatic source (Wilkins et al., 1996) and a few commercial phase contrast systems
exist such as the Bruker SkyScan 1294 phase-contrast micro-CT, most phase contrast
imaging is done at synchrotron beamline facilities.

Several methods of exploiting the phase shift exist and have been incorporated into
synchrotron techniques, and use a monochromatic beam produced by a perfect crystal.
Most of these methods, including diffraction enhanced imaging (Chapman et al., 1997),
and interferometry or diffraction grating phase contrast (Bravin, Coan & Suortti, 2013),
use further crystal optics to refine the x-ray beam and are not discussed here. The simplest
form of phase contrast imaging is called propagation or in-line phase contrast (Zhou &
Brahme, 2008). In-line phase contrast is does not require any additional crystal optic
devices and is based solely on manipulation of the x-ray imaging geometry. Instead placing
the sample very close to the detector the sample is placed at an increased distance from
the detector (see figure 1.5). As the x-ray beam passes through material interfaces it is
bent slightly, causing changes in the x-ray wavefront that propagate over the distance
between the object and the detector (Snigirev et al., 1995). This creates highlighted bright
and dark fringes at the interfaces between materials of different x-ray refractive index. The
width of these fringes depends on the propagation distance between the object and the
detector, and by varying this distance the width of these lines can be optimized to show
an easily distinguishable border, while preserving relatively accurate dimensions of the
highlighted structures in the near field where most imaging is performed (Britz, Carter, et
al., 2012). This leads to excellent contrast in soft tissue compared to absorption imaging,
where the different soft tissue types are often unable to be differentiated from each other
and water due to their similar absorption coefficients (Momose, Takeda & Itai, 2000).
Phase contrast imaging in cortical bone produces a ‘halo’ effect around the periosteal and
endosteal borders, as well as the edges of cortical canals and osteocyte lacunae (Britz,
Carter, et al., 2012; Carter et al., 2013). These halos make segmentation of the cortical
bone microstructure easier and more reliable during data analysis and help to capture the
smaller canals in cortical bone. Phase contrast at high resolution (0.5-1 um) is able to
delineate osteons boundaries in cortical bone (Cooper et al., 2011).

Detector

Synchrotron
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monochromator

Figure 1.5: In line phase contrast set-up. The main aspect of an in line phase contrast
imaging set-up is the increased sample to detector distance. Image adapted from Pratt
(2013).



Desktop micro-CT systems are primarily based on cone beam x-ray sources, which create
geometric magnification to increase resolution but also increase blurring compared to
parallel beam sources. The imaging capabilities of desktop systems are dictated by a few
important characteristics of the x-ray tube used. The spot size of the x-ray tube limits the
resolution, the voltage of the tube dictates the energy and thus penetration of the x-ray
beam, and the current of the tube determines the x-ray flux produced. All of these factors
are generally lower than in synchrotron sources, limiting the size/density of the samples
they can image. Newer systems with focused x-ray sources and nanometer spot sizes have
also been developed which allow imaging with pixel sizes around 400-700nm. While these
‘nano-CT’ systems have extremely high resolution, they also have extremely limited fields
of view (van Hove et al., 2009; Peyrin et al., 2014). Nano-CT systems exist using both
desktop and synchrotron sources, with desktop systems further limited by lower flux
resulting in extremely long scan times and low signal to noise.

Synchrotron micro-CT uses x-rays produced by the passage of an electron beam traveling
through strong electromagnets. These magnets come in several varieties, with the most
common being bending magnets and insertion devices such as wigglers and undulators.
The produced x-ray beam travels down a ‘beamline’ where it is collimated and filtered
creating a near parallel x-ray source with a very small spot size and low divergence. The
biggest advantage of using a synchrotron source is the increased flux, which is several
orders of magnitude greater than that produced by desktop sources (Kinney & Ladd,
1998). This allows for the use of optical instruments on the beamline including
monochromators and other crystal optics for phase contrast imaging. A monochromatic
beam has a narrow x-ray bandwidth of less than a hundred eV (Kinney & Nichols, 1992),
which is important in bone imaging to avoid “beam hardening” artifacts. These artifacts
result from x-rays of different energies being differentially absorbed by tissue. Lower
energy x-rays in the beam are absorbed faster than higher energy x-rays which penetrate
more easily. As a result, tissue density is artificially lower in the interior of the sample and
higher in the exterior. Avoiding beam hardening is important for taking accurate
measurements of bone mineral density (Peyrin et al., 1998). Synchrotron sources also offer
higher resolutions than typical desktop x-ray sources, with submicron level imaging
becoming more common at these institutions (Schneider et al., 2007). Synchrotron micro-
CT systems are well positioned to take advantage of phase contrast techniques to provide
improved visualization of smaller targets or samples with low x-ray absorption like soft
tissue. Synchrotron micro-CT is limited by cost, limited imaging time often requiring peer-
reviewed access proposals, and higher difficulty of use compared to common commercial
systems.

The 3D nature of bone's microstructural network means using a 3D technique to study it
is inherently more appropriate. Measuring morphology and structural parameters in 2D
requires assumptions about the unseen third dimension which may turn out to be
inaccurate. Faulty assumptions made in parameter calculations can undermine results. CT
is the most versatile 3D imaging technique currently available to be applied to bone, with
methods available for both ex vivo and in vivo scanning at resolution ranges that can scan
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everything from full bodies in large animals to lacunar spaces and canaliculi in rodents.
However, the breadth of CT systems makes choosing the appropriate system important.
Desktop micro-CT is limited in field of view and resolution, nano-CT is high resolution but
extremely limited in field of view, and synchrotron systems have high flexibility and can
achieve high resolutions with larger fields of view but are complicated to set up and access
is limited. Compared to histology, micro-CT has lower resolution but provides important
3D information. Several studies have combined the two methods, using micro-CT for 3D
information and histology for high resolution of bone features of interest (Hennig et al.,
2015).
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Chapter 2. A method for measuring the three-dimensional
orientation of cortical canals with implications for comparative
analysis of bone microstructure in vertebrates

This chapter has previously been published as: Pratt, I.V. & Cooper, D.M.L., 2017. A
method for measuring the three-dimensional orientation of cortical canals with
implications for comparative analysis of bone microstructure in vertebrates. Micron, 92,
pp-32-38 and is reprinted here with permission from the publisher (see appendix).

2.1. Introduction

The importance of cortical porosity on bone strength has been increasingly studied over
the last decade as three dimensional (3D) x-ray imaging techniques have become able to
quantify porosity in vivo in animals and humans (Buie et al., 2007; Burghardt et al., 2010;
Nishiyama et al., 2010; Zebaze et al., 2010; 2013; Harrison & Cooper, 2015; Pratt et al.,
2015; Kawalilak et al., 2016; Vilayphiou et al., 2016). One aspect of cortical porosity that
remains relatively unexplored is the orientation of the cortical canals. The orientation of
primary and secondary canals has been proposed to reflect mechanical loading of the bone
in humans (Hert, Fiala & Petrtyl, 1994; Petrtyl, Hert & Fiala, 1996) and animals (de
Margerie, 2002; de Margerie et al., 2005; de Margerie & Rakotomanana, 2007; Simons &
O'Connor, 2012; Marelli & Simons, 2014), or the growth rate of a bone (de Margerie, Cubo
& Castanet, 2002; de Margerie et al., 2004; Lee & Simons, 2015). de Margerie (2002)
proposed that a cortex containing predominantly circumferential canals in birds was a
functional response to a torsional load from active flight. Primary canals are formed during
the initial growth and development of the bone through modeling (Maggiano, 2012),
while secondary canals are bored in cortical bone throughout life during remodeling. In
most mammals and birds, the cortical bone is lamellar and contains many primary canals
incorporated into the bone during development (Mitchell & van Heteren, 2015). It is
predominantly these primary canals that we examine in this paper. In mature human tissue
the predominant canal type is secondary. de Margerie (2002) measured the orientation of
canals in histological slices by classifying canals into four categories: radial, longitudinal,
oblique, or circumferential. A radial canal appears to extend from the centroid of the bone,
like the spokes on a bicycle wheel. A longitudinal canal is aligned with the long axis of the
bone. A circumferential canal is parallel to the contour of the diaphysis. An oblique canal
is intermediate between a radial and a circumferential canal. They calculated a laminarity’
index, the ratio of the area of the circumferential canals to the total area of all canals.
Measuring the 3D orientation of cortical canals has historically used histology, a primarily
two dimensional method. Two dimensional methods are inherently weaker as a result of
the measurement being taken only in one plane. The method used by de Margerie (2002)
misses the fact that many canals are oblique (sometimes referred to as ‘reticular’), and as
a result overestimate the number of true radial, longitudinal, and circumferential canals.
Attempts to create more accurate indices (de Boef & Larsson, 2007b) remain limited by
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the histological method used, as the longitudinal angle can only be estimated from the
cross-section, and not directly measured. This estimation is based on how circular the
canal’s cross-section appears in a histological section, with circular canal cross-sections
interpreted to be longitudinal, and more oval canal cross-sections are interpreted to
represent canals that are more transverse. Estimating measurements of the 3D orientation
of a canal or osteon from a cross-sectional image can be misleading. Osteons tend to be
more oval than circular in cross-section (Hennig et al., 2015), leading to difficulty in
analysis. Canal shapes are also not always circular and therefore the orientation that is
estimated may differ significantly from the actual orientation. Prior to the development of
micro-CT, the 3D methods available were difficult, tedious, and destructive (Dehoff,
1983b; Odgaard et al., 1990). However, micro-CT offers easy access to the canal network,
and computer technology allows automated methods which can measure many canals in
short order. Micro-CT is an x-ray imaging method that uses successive images of a rotating
object to reconstruct a 3D volume. Micro-CT typically relies on contrast created by
differences in absorption of x-rays by different materials, although phase information is
increasingly used (Pratt et al., 2015). Micro-CT was first used to study bone in late 1980s
(Feldkamp et al., 1989), and has proliferated explosively since then due to the high quality
of the data it produces. It is now used extensively to study both trabecular and cortical
microstructure (Holdsworth & Thornton, 2002; Cooper et al., 2003; Bouxsein et al., 2010).
Micro-CT allows for direct visualization of cortical porosity, and quantification of the canal
network. The limitation of micro-CT is that commercial systems are often unable to
differentiate primary and secondary canals. Dechow et al (2008) used confocal microscopy
and micro-CT to examine cortical structure, including some analysis of canal orientations.
They imaged rectangular cut bone samples and compared the canal orientation with the
axes of mechanical stiffness. They found that in the human femur average canal
orientation tends to align with the axis of maximum stiffness in the plane of the cortical
bone plate, suggesting a link between function and canal orientation as well. However,
their work was limited to analysis of cut samples, and they did not identify the
morphological axes of the bone. Previous work in Cooper’s bone imaging group has
measured the orientation of canals with respect to bone's long axis (Britz, Jokihaara, et
al., 2012), showing the ability to differentiate between radial and longitudinal canals, and
significant differences in orientation between normal and immobilized rats. The currently
described method builds on that work, by adding the ability to measure orientation in the
orthogonal plane, thus providing the full 3D orientations of each canal in the cortical
network. Adding this angle allows differentiation not only between radial and longitudinal
canals, but also between radial and circumferential canals. It also provides the ability to
identify the different types of oblique canals. These 3D orientations allow for a more
accurate calculation. This method provides the ability to investigate questions about how
canal orientations are built-in during growth (primary), and how the remodeling process
alters the (secondary) canal network in humans and in comparative animal studies. An
improved understanding of the processes by which canals develop and how their direction
is determined will add to our ability to interpret cortical microstructure and infer
behaviour in both extant and extinct animals.
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2.2. Methods
2.2.1. Micro-CT

We used two micro-CT systems for this study. The first is a SkyScan 1172 desktop
microtomograph (Kontich, Belgium) with a <5 um x-ray source size and an 8.83 um
camera pixel size. The second is a Hamamatsu C9300-124 optical camera paired with a
Hamamatsu A40 x-ray converter at the BioMedical Imaging and Therapy (BMIT) facility
at the Canadian Light Source Synchrotron. This set-up provides a 4.3 um pixel size, from
a <5 um source size. The BMIT synchrotron micro-CT set-up has an open gantry, and a
field of view of 15mm that is wider than that of the desktop system. Offset scanning
methods can also be used to increase the field of view further to 30 mm. As a result,
synchrotron micro-CT is ideal for imaging whole bones from larger animals/humans. The
BMIT facility offers a number of different camera set-ups, with pixel sizes ranging from
0.9-100 um. Any micro-CT system may be used with this method, although resolutions of
< 10 um are needed to accurately capture the morphology of the canal network
(Matsumoto et al., 2006; Cooper et al., 2007). Frame averaging is typically used to
improve the signal-noise ratio, and aluminum filtration of the beam and beam-hardening
correction algorithms are used to minimize beam hardening. While the method is
constructed with micro-CT in mind, other imaging methods that produce 3D data sets
could potentially be used.

2.2.2. Reconstruction & Skeletonization

We use NRecon 1.6.10.5, a commercial reconstruction software package (Bruker SkyScan,
Kontich, Belgium) to reconstruct micro-CT data for analysis. The reconstructed micro-CT
slices are then imported into Amira 6.0 (FEI Company, USA), where the canals are
segmented and skeletonized. The canals are segmented using a global threshold to
separate bone from soft tissue and air in the Amira Segmentation Editor. The value of the
threshold was chosen to maximize the canal structure visible and minimize noise. The
exact value of the threshold will vary depending on the imaging set-up used. They are then
skeletonized using the Auto Skeleton module. The skeletonization process in Amira
calculates a distance map of the segmented canals and then performs a thinning of the
canals which preserves the topology of the canal network, including the length and
orientation of the canals. The end result of the skeletonization process is a lineset which
contains a set of co-ordinates for each canal. This lineset file is then simplified using a
custom ImageJ (NIH; http:// rsb.info.nih.gov/ij/) macro. This process identifies the
branch points in the canal network and breaks each canal down into a series of shorter
canal segments. Simplification of the canals into canal segments better captures the
variability in orientation of the canals and provides a more accurate representation of the
canal network. In particular, curved canals need to be broken up to capture the detail of
their orientations. The length of the canal segments is a user choice, but it is recommended
to keep the canal length at approximately 100-150 um, the thickness of a typical
histological ground section. Using shorter canal segments provides a more robust estimate
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of the orientation of curved canal sections, though with diminishing returns (Britz,
Jokihaara, et al., 2012). This lineset will form the basis for the orientation measurements
(see Figure 2.1). Other architectural parameters such as canal length and canal
connectivity density can be measured from the skeleton as well (Cooper et al., 2003). For
a scan of a whole bone as in the examples provided here, the micro-CT slices are also used
to create a lineset of co-ordinates of the centroid of the bone, producing a lineset with one
centroid (x,y) co-ordinate for each integer z value. If the scan is only of a section of the
bone, the centroid position can be reconstructed from the endosteal profile of the bone or
defined manually. Using the micro-CT data, the co-ordinates of the bone's centroid in each
micro-CT slice can be identified. The series of centroid co-ordinates over the whole data
set then acts as a proxy for the long axis of the bone. The limitation of this method is that
if the bone’s shaft is curved, the long axis of the bone will be much more difficult to define.
This analysis is then most applicable to the analysis of relatively straight long bones.
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Figure 2.1: Skeletonization Process in the rat (Rattus norvegicus) tibia — A shows the initial
canal render; B shows the skeletonized canal network; C is a zoom in of the skeletonized
canal network; and D shows the simplified canal network.

2.2.3. ImageJ Orientation Macro

We use a custom ImageJ macro to measure the orientation of the canals in the network.
The macro first simplifies the skeleton into short canal segments. Once the canal segments
are obtained, the macro calculates intermediary values for each segment using the centroid
lineset and the simplified skeleton lineset. The values calculated are the midpoint of each
segment, the distance between each segment endpoint and the segment midpoint, the
distance between the centroid and the segment midpoint, and the distance between each
segment endpoint and the centroid. From the intermediary values we measure two angles
to capture the full 3D orientation.

Phi ( ¢ ) measures the angle between a canal segment and the long axis of the bone, where
an angle of 0° indicates a canal segment is perpendicular to the long axis (transverse), and
90° indicates it is parallel to the long axis (longitudinal). Phi on its own can only
differentiate between longitudinal and transverse canals. Phi is measured as the arctangent
of the distance between a canal segment endpoint and a longitudinal line over the
longitudinal (z) length of the canal segment (see equation 2.1 and figure 2.2).

® = tan-! (\/(Xz —x1)?+ (y2 — Y1)2>

Zy — 14

Equation 2.1: Phi

Theta ( 6 ) measures the angle between a canal segment and the line from the centroid of
the bone through the mid-point of the canal segment. Theta is measured in the plane of
the section, perpendicular to the long axis. For theta, an angle of 0° means a canal segment
is radial, and one of 90° means the canal segment is circumferential. Theta is measured
for a canal segment using the law of cosines, by taking the arccosine of the angle between
the centroid of the medullary cavity, the midpoint of the canal segment, and an endpoint
of the segment (see equation 2.2 and figure 2.2).

8 = cos—1 <(Xc — X1+ e = ¥1)? = Gm —x1)* = (m —¥1)* — Ee = xXm)* — (e — ym)2>
ZJ(Xm —x1)? + (Ym — Y1)2\/(XC —Xm)? + (Ve — Ym)?

Equation 2.2: Theta
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Figure 2.2: 1 and 2 are the endpoints of the canal segment, M is the midpoint of the canal
segment, C is the centroid of the medullary cavity

The macro outputs an identifying segment number, co-ordinates for each endpoint and
the midpoint in the segment, co-ordinates for the centroid position at the height of the
midpoint of the segment, the intermediary values described above, and the measures of
phi and theta. The segment numbers can be used in Amira to link the orientation of canal
segments to measures of canal morphology such as canal diameter and length. The speed
of the macro depends on the speed of the CPU used and the number of canals in the data
set. Since the files created by the skeletonization process are text files, the resolution of
the scan is not a factor in the time it takes to run the macro.

2.2.4. Analysis

We bin the canals into nine groups, separating each axis into 22.5° increments to define
radial, oblique, longitudinal, and circumferential canals. The range of the increment
matches the work done by de Margerie (2002). Each increment group can be assigned a
‘type’ for the orientation of the canals as shown in Table 2.1. From these groups we can
calculate indices of laminarity, or any other category of interest. To calculate the
laminarity index, we simply take the proportion of circumferential canals of the total
number of canals and report it as a percentage. We have two options on how to measure
the index: we can calculate a more conservative index, which captures only the transverse
circumferential, the canals which are truly circumferential (they are flat in the plane of
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section); or we can calculate a more liberal index, which captures all canals with a theta
of 67.5-90.

Table 2.1: Orientation type

Theta 0-22.5 Theta 22.5-67.5 Theta 67.5-90
Phi 0-22.5 Transverse radial | Transverse oblique  Transverse circumferential
Phi  22.5- | Oblique radial Oblique Oblique circumferential
67.5
Phi 67.5-90 | Longitudinal Longitudinal Longitudinal circumferential
radial oblique

Canal orientation can be visualized as rosette charts in two dimensions with each angle
shown separately (see (Dechow, Chung & Bolouri, 2008) for an example of this), or in 3D
with the angles visualized together. Using a custom python script implemented using
MatPlotLib (Hunter, 2007) we can create a 3D heatmap (see Figure 2.3) of the 3D
orientations of each canal segment. In these plots each canal segment is visualized as a
point on the surface of a quarter sphere. We used the viridis colourmap, with dark blue
representing a lower density of canals with those orientations and bright yellow a higher
density. Sections of these 3D plots correspond to the different orientation types, allowing
for visualization of the data presented in Table 2.2 and 2.3.

2.2.5. Examples

Animal ethics approval was granted under protocol 20130114 by the University of
Saskatchewan Animal Research Ethics Board of the University Committee on Animal Care
and Supply and by the Canadian Light Source. Samples were obtained from the
Zooarchaeology collection in the department of Archaeology and Anthropology at the
University of Saskatchewan. Bones in the collection are all defleshed and cleaned. Whole
bone cross-section micro-CT data was obtained for two bones, a Rattus norvegicus (rat)
tibia and a Buteo jamaicensis (red-tailed hawk) humerus. Both scans were taken at mid-
shaft. These specimens are chosen to illustrate different canal patterns - rats are typically
thought to contain predominantly longitudinal and radial canals (Britz et al., 2010), while
larger birds tend towards a mix of longitudinal and circumferential canals (de Margerie et
al., 2005). The rat tibia was scanned using a SkyScan 1172 (details above) with an
effective pixel size of 1.4 um, 4 frame averaging and a step size of 0.07° over 180° for a
dataset 1.7 mm tall in the z-axis. The red-tailed hawk humerus was scanned at the BMIT
synchrotron facility (details above) with a 4.3um effective pixel size. This scan used 4
frame averaging and a step size of 0.096° over 180° for a dataset 2.8 mm tall in the z-axis..
The hawk humerus was run through the macro with a segment length of 30 pixels, while
the rat tibia was run with a segment length of 90 pixels. As a result, each has a similar
canal segment length of about 130 um.
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2.3. Results and Discussion

The macro was able to quantify observable differences between the two specimens. Results
are shown in Tables 2.1 and 2.2, and in Figures 2.3 and 2.4. The rat (Table 2.1) has a
cortical network that contains a higher number of radial canals than circumferential in the
theta axis, with 32.5% of the canals falling in the 0-22.5° range, and only 16.9% falling in
the 67.5-90° range. For phi, a higher number of longitudinal canals than radial canals were
found, with 24.4% of the canal segments in the 67.5-90° range, compared to 18.9% in the
0-22.5° range. Overall, the network tends to be radial-longitudinal in nature (see Figures
2.3 and 2.4), with many oblique canals. The category with the highest proportion of canals
was the oblique category (phi 22.5-67.5°, theta 22.5-67.5°) at 28.2%. The category with
the lowest proportion of canals was the phi 0-22.5°, theta 67.5-90° group at 3.2%, which
is circumferential in the plane and horizontal in the long axis. Overall the rat’s cortical
network is a combination of radial and longitudinal canals, with mostly oblique
radial/longitudinal canals, corroborating the previous phi measurements by Britz (2012).

By contrast, the hawk (Table 2.2) has a higher number of circumferential than radial
canals on the theta axis, with 47.4% falling in the 67.5-90° range, and 14.3% in the O-
22.5° range. For phi, there were a higher number of longitudinal canal segments, with
44.0% falling in the 67.5-90° range, than radial canals, with 11.1% of the canal segments
in the 0-22.5° range. The category with the highest proportion of canals was the phi 22.5-
67.5°, theta 67.5-90° group, at 24.7%. This category represents canals which are
circumferential and oblique. The category with the lowest proportion of canals was the
phi 0-22.5°, theta 0-22.5° group at 2.5%. This group represents canal segments which are
radial in the plane of section. Overall, the hawk's network is heavily focused towards
circumferential, longitudinal, and oblique circumferential/longitudinal canals. This fits
with the laminar pattern proposed by de Margerie (2002) for wing bones in birds.

Table 2.2: Rat orientations

% Theta 0-22.5 Theta 22.5-67.5 Theta 67.5-90 Theta total
Phi 0-22.5 6.7% 9.0% 3.2% 18.9%

Phi 22.5-67.5 19.8% 28.2% 8.7% 56.7%

Phi 67.5-90 6.0% 13.4% 5.0% 24.4%

Phi total 32.5% 50.5% 16.9% 100.0%

Table 2.3: Hawk orientations

% Theta 0-22.5 Theta 22.5-67.5 Theta 67.5-90 Theta total
Phi 0-22.5 2.5% 3.8% 4.9% 11.1%

Phi 22.5-67.5 4.2% 16.0% 24.7% 44.9%

Phi 67.5-90 7.6% 18.6% 17.8% 44.0%

Phi Total 14.3% 38.3% 47.4% 100.0%
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Figure 2.3: 3D maps of canal segment orientation in each specimen, with each canal’s
orientation visualized as a point on a quarter sphere. The left (Rat) and middle (Hawk)
images are 3D heatmaps of the canal orientation in each specimen. Phi runs from 0°
(transverse) to 90° (longitudinal). Theta runs from 0° (radial) to 90° (circumferential). On
the right is a template showing which region represents which orientation type.

Image visualization of the lineset data serves two purposes - it helps communicate results
and it helps verify that the macro has classified canals accurately. Figure 2.3 shows 3D
heatmaps of the canal orientation in each specimen. Heatmaps like this allow for
visualization of how the two angles vary together. Using the linesets produced by the
macro, we can render each of the nine 22.5° categories of canals separately and assign
them separate colours (shown in figure 2.4).

Figure 2.4: Canal network render — top row shows the hawk; bottom row shows the rat.
Radial canals are rendered in green, longitudinal canals in red, circumferential canals in
blue, oblique canals in white. The first four panels show only a single category, while the
fifth (rightmost) shows all the canals.
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This method has the potential for applications to numerus problems in cortical bone
biology. The orientation of cortical canals may play a significant mechanical role in cortical
bone, but more research is needed to clarify its role. This method offers the chance to do
new experiments on the relationship between bone strength, bone stiffness, and canal
orientation in both human and animal bone. Gocha and Agnew (in press) found that the
spatial distribution of osteons was different throughout the human femur, and that this
may be linked to the differential patterns of strain on the bone. Similarly, this method
could be used in the future to identify patterns of different canal orientations in bones.
Using micro-CT, small animals such as rats can be scanned in vivo (Pratt et al., 2015) and
their canal networks examined. This offers the possibility of longitudinal experiments
studying the development of the canal network and the orientation of the canals within it
across the lifespan of an animal. Animal models in rats that affect cortical bone canals
include immobilization, calcium restriction, and fatigue loading (Harrison & Cooper,
2015); as well as large numbers of different pharmacological treatments (Weinstein et al.,
2011). The origin and potential functional nature of laminar bone in birds remains
unproven (Lee & Simons, 2015), and open to new studies and evidence. Lee and Simons
(2015) showed that small bat species below 100g in body size tend to be poorly
vascularized, however they were only able to examine one larger bat specimen. They also
note that knowledge of the cortical bone properties of bats and many other vertebrate
species is sparse, and more work in this area is needed. Comparative studies are made
easier by the non-destructive nature of our technique, allowing for easier access to
specimens and museum loans. Comparisons between multiple bones of the same species
and across many species are necessary if a connection between cortical canal orientation
and mechanical loading is to be conclusively shown in birds. Comparisons with terrestrial
and other flying vertebrates would be informative as well. Results from this avenue of
research could also have applicability to the study of the origins of birds in the fossil record,
and the interpretation of dinosaur activity (Padian, Werning & Horner, 2016).

2.4 Conclusions

Using micro-CT, we have shown that it is possible to measure the orientation of cortical
vascular canals in a bone non-destructively. Our method has several advantages compared
to histology: it is non-destructive; it is less labour intensive; it can capture information for
a much greater number of canals; and it is a true measure of the 3D orientation of a canal.
The nature of micro-CT imaging means that whole bones can be imaged without
sectioning. This makes obtaining rare samples much easier as there is no risk of damage
to the tissue, and no loss of tissue during preparatory procedures. Preparing samples for
micro-CT involves no more than positioning them on the stage in the imaging apparatus,
although proper capture and reconstruction of the micro-CT data does require some
expertise. Because of the 3D field of view of the imaging system, we capture canals through
multiple slices, as compared to a single or series of histological section(s). There are two
main consequences of this - first, we can collect data for a much greater number of canals,
since we capture data for a block of bone, rather than a single section; and second, we
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measure the true orientation of each canal, rather than an interpreted angle measured
based on the intersection between a canal and the histological section.

The growth and development of cortical bone porosity and its impact on factors such as
bone strength and bone quality are relatively unexplored areas in the study of bone. Our
method provides a new tool to examine the impact of the orientation of cortical bone
canals on bone strength and explore the origins of cortical canals formed during modelling
and remodeling.
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Chapter 3. Interpreting the three dimensional orientation of
vascular canals and cross-sectional geometry of cortical bone in
birds and bats.

This chapter has previously been published as: Pratt, I.V. et al., 2018. Interpreting the
three-dimensional orientation of vascular canals and cross-sectional geometry of cortical
bone in birds and bats. J Anat, 14(Pt 5), p.S13 and is reprinted here with permission from
the publisher (see appendix).

3.1. Introduction

Bone is a complex tissue, with many functions in the body. In particular, cortical bone and
the porosity inside it are important factors in the overall strength of a bone (Ammann &
Rizzoli, 2003; Cooper et al., 2016). In cortical bone microstructure, the pattern seen in the
arrangement of the vascular canal network is thought to occur in response to growth as a
juvenile, functional adaptation to use during life, and maintenance and metabolic needs
throughout life. These signals are of great interest in using bone as a tool for analyzing the
life history of vertebrates (de Ricqles et al., 2000; Cubo et al., 2008; Marelli & Simons,
2014; Mitchell & van Heteren, 2015), and for reconstructing behaviour of extinct
vertebrates (Seymour et al.,, 2012; Padian, Werning & Horner, 2016). As a biological
system, the overlap of distinct factors on the same tissue creates confounding effects that
interfere with a clear analysis. This presents challenges in deciphering what any given
pattern may mean.

The vascular canal network in cortical bone initially develops during the primary formation
of bone. During this process bone is either rapidly deposited as woven bone or more slowly
as lamellar bone. In lamellar bone, large vascular spaces are present during the initial
development of the bone. As the tissue ossifies it surrounds the spaces, filling them in to
become primary osteons. (Maggiano, 2012) In humans and many other larger animal
species, bone undergoes a controlled process of renewal called remodeling, This process
creates secondary osteons and the canals within them later in life.

Canals can be classified as having four main orientations: longitudinal - where the canals
are parallel to the long axis of the bone, radial — where the canals are perpendicular to the
tangent at the periosteal boundary, circumferential — where the canals lie parallel to the
tangent at the periosteal boundary, and oblique - which fall in between the other
categories. Since canals exist in three dimensions, they often do not fall exactly in each
category. For example a canal can be radial in the plane of section but at an angle in the
longitudinal plane. Here we followed the classification in (Pratt & Cooper, 2017), shown
below in table 3.2. de Margerie (2002) created a new measurement, the index of
laminarity, based on the proportion of the circumferential canal area to the total canal
area examined. They looked at the orientation of vascular canals in bones of mallard ducks
and found a difference between wing bones and hindlimb bones, with the wing bones
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being significantly more laminar. They noted a dichotomy in the bones they studied at
around 50% circumferential canals and called bones at or higher than that level ‘laminar’.
They proposed that this laminar arrangement was an adaptation to better resist torsional
loading, the predominant loading regime in active flight (Pennycuick, 1967; Swartz,
Bennett & Carrier, 1992; de Boef, 2008). Other evidence for canal orientation responding
to loading patterns exists in humans (Hert, Fiala & Petrtyl, 1994; Petrtyl, Hert & Fiala,
1996) where slight deviations to longitudinal orientations of canals are thought to reflect
bending as the dominant loading force, and in rats where a six month period of paralysis
of a limb (removing all loading) dramatically alters the orientation of vascular canals
(Britz, Jokihaara, et al., 2012). Following these lines, (Rothschild & Panza, 2007)
investigated whether the degree of laminarity was a possible risk factor in bird lower limb
bones with osteoarthritis, although they found no link present. If canal orientation is
driven by the forces of functional loading we would expect to find similar orientation
patterns in both bats and birds, with a higher laminar index in the humerus than in the
femur.

The other factor which is potentially responsible for a laminar pattern in cortical bone is
growth rate during development (Lee & Simons, 2015). However, a study by de Margerie
(2002) showed that the orientation of primary canals in mallards was independent of
growth rate. Other studies (de Margerie et al., 2004; de Boef & Larsson, 2007a) suggest
that laminar bone grows more slowly, and bone with radial canals grows the fastest. De
Margerie (2004) suggests that radial canals have the most detrimental effect on
mechanical resistance of shear stress of all the canal orientations. Kuehn and colleagues
(2017) showed that laminarity in the emu hindlimb increased with age, and they proposed
that this was due to biomechanical loading as the animal increased in size. Most birds
experience very rapid growth as they need to quickly acquire flight to feed themselves
(Erickson, Rogers & Yerby, 2001), whereas bats experience slower growth (Kunz & Stern,
1995; Lee & Simons, 2015). Skedros & Hunt (2004) found a significantly higher laminarity
index in adult turkey ulnae compared to sub-adult bones. They suggest that the change in
laminarity from sub-adult to adult may be caused by loading history or by ontogenetic
changes in growth rate, and that the changes in growth rate may be the stronger factor.
Skedros & Hunt (2004) also measured the collagen fiber orientation (CFO) throughout
the cortex and found a strong correlation between the laminar index and predominant
CFO (r = 0.735 in subadults, r = 0.866 in adults, p < 0.01). They suggest that CFO is
more closely linked to the strain distributions which can differentiate torsion from
bending, and that the vascular orientation is more strongly influenced by the rate of
osteogenesis. If this is the case then we would then expect to find different patterns of
canal orientation between birds and bats, with bats presenting more circumferential canals
as they experience slower bone growth.

Cross sectional geometric parameters describe the shape, distribution, and amount of bone
present in a cross section. Measured parameters and calculated indices are known to
reflect a bone’s resistance to mechanical loading including torsion, bending, axial
compression and tension, and local buckling (Turner & Burr, 1993). Analysis of cross
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sectional geometry is a common technique in cortical bone assessment (Johnston et al.,
2014) and has been used to analyze both human and non-human bone (Lieberman, Polk
& Demes, 2004; Pearson & Lieberman, 2004; de Margerie et al., 2005; Marelli & Simons,
2014; Cosman, Sparrow & Rolian, in press). The principal area moment of inertia (I)
reflects a bone’s resistance to bending around a chosen axis. In particular, we calculated
maximum and minimum principal area moments of inertia (L., Imin), Which reflect the
highest and lowest resistances of the bone. The ratio of I.,/I.i, can be used to infer how
even the bones experience loads in different directions, with a value of 1 representing
equal loads, and values farther away from 1 reflecting more asymmetrical loading. The
polar area moment of inertia (I,) is calculated as the sum of I,,.x and L, and reflects the
bone’s resistance to torsional loading (Marelli & Simons, 2014). The principal section
modulus is a direct measure of the strength of a bone and its resistance to bending in a
specified axis. Similar to the polar area moment of inertia, we calculated the maximum
and minimum (Zay/Zmin) section moduli and a polar section modulus (Z;), which reflects
torsional strength (Johnston et al., 2014). We also calculated the buckling ratio, a measure
of the instability of a bone, reflecting its ability to resist local fractures. Cortical area can
be used as a measure of a bone’s resistance to axial compression (Lieberman, Polk &
Demes, 2004). We also quantified cortical thickness relative to the cortical area to get a
measure of thickness independent of the size of the bone. Higher cortical thickness
increases a bone’s resistance to bending but is a less important factor than the outer
diameter of a bone (Ammann & Rizzoli, 2003). However, the size of a bone is primarily
driven by the size of the animal, so a comparison of a weighted cortical thickness may be
more informative for determining what forces a bone is responding to. The shape of a bone
is also important in mechanical strength. Elliptical bones are interpreted as having higher
resistance to bending along the major axis, while more circular bones have more even
bending resistance in every direction and are more resistant to torsional loading (de
Margerie et al., 2005).

We hypothesized that loading environment is the most important factor in bone vascular
canal orientation. We set out to test this by comparing the orientation of vascular canals
in the humerus - the main bone in the wing, and the femur - the main bone in the hindlimb
in active flying birds and bats. We used synchrotron computed tomography (SR Micro-CT)
to produce 3D maps of the cortical networks in both groups and measure the orientation
of the canals within the networks. We followed the method laid out in (Pratt & Cooper,
2017) with minor adjustments. By comparing the canal networks between wing bones and
hindlimb bones we sought to determine whether the presence or absence of a pattern is
related to the action of the limb. By comparing between birds and bats, the two extant
actively flying vertebrate groups, we looked to see if there is a common orientation pattern
present in the bones of both groups that could be a response to the shared loading pattern
created by flight. If loading environment does determine canal orientation, we expected
to find similar orientation patterns between the groups, and a higher laminarity index in
the humerus than the femur. We also expected the humeri to be more circular, and to have
higher polar section moduli than the femora. Based on this we expected to see correlations
between the laminarity index and geometric parameters representing torsional resistance,
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and between the longitudinal index and geometric parameters representing bending
resistance.

3.2. Materials

The study incorporated 9 bat species and 22 bird species with isolated bones from 54
individuals scanned in total (see table 3.1). A scan was taken of the right humerus and
right femur of each individual. The sampled bat taxa represent both of the major bat clades
Yinpterochiroptera and Yangochiroptera. The bird species were chosen to cover the major
groups of large birds as best as possible and include 10 orders - Accipitriformes,
Anseriformes, Falconiformes, Galliformes, Gaviiformes, Gruiformes, Pelecaniformes,
Psittaciformes, Strigiformes, and Suliformes. We chose the largest locally accessible
species of bats and birds because bones below a certain size often have fewer canals (de
Buffrénil, Houssaye & BOohme, 2008; Lee & Simons, 2015). The bat specimens were
borrowed from the Department of Natural History - Mammology at the Royal Ontario
Museum (Toronto, Canada). The bird specimens were borrowed from the Zooarchaeology
collection in the Department of Archaeology and Anthropology at the University of
Saskatchewan (Saskatoon, Canada). The bone specimens were all professionally
skeletonized by boiling or dermestids and were either wild collected, obtained from local
zoo collections, or donated by hunters or conservation officers. The specimens were well-
preserved and there was no evidence of deterioration visible in the microarchitecture or
macroarchitecture. Animal ethics approval was granted by the University of Saskatchewan
Animal Research Ethics Board of the University Committee on Animal Care and Supply
(protocol 2013-0114) and by the Canadian Light Source.
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Table 3.1: List of specimens used. N=1 if not otherwise noted

Birds

Bats

Mallard (Anas platyrhynchos)

White-fronted goose (Anser albifrons)
Snow goose (Anser caerulescens)

Golden eagle (Aquila chrysaetos)
Yellow-blue Macaw (Ara ararauna)

Great Blue Heron (Ardea Herodias) (n=2)
Short-eared Owl (Asio flammeus)

Ruffed Grouse (Bonasa umbellus)
American Bittern (Botaurus lentiginosus)

Egyptian Fruit Bat (Rousettus aegyptiacus)
(n=4)

Great Fruit-eating Bat (Artibeus literatus) (n=4)
Grey-headed Flying Fox (Pteroptus policephalus)
Hairless Bat (Cheiromles torquatus) (n=4)
Indian Flying Fox (Pteroptus giganteus) (n=4)
Large Flying Fox (Pteroptus vampyrus)

Lyle's Flying Fox (Pteroptus lylei) (n=3)
Spectral Bat (Vampyrum spectrum) (n=4)
Straw-coloured fruit bat (Eidolon helvum)

Great Horned Owl (Bubo virginiana) (n=3)
Red-tailed Hawk (Buteo jamaicensis) (n=2)
Rough-legged Hawk (Buteo lagopus)

Swainson’s Hawk (Buteo swainsoni)

Turkey Vulture (Cathartes aura)

Greater Sage-grouse (Centrocercus urophasianus)
Common loon (Gavia immer)

Whooping crane (Grus americana)

Sandhill crane (Grus canadensis)

Bald eagle (Haliaeetus leucocephalus)

Snowy owl (Nyctea scandiaca) (n=2)

American white pelican (Pelecanus erythrorhynchos)
(n=2)

Double-crested cormorant (Phalacrocorax auritus)

Total N = 30 Total N = 24

3.3. Methods
3.3.1. Micro-CT

We used phase contrast enhanced synchrotron micro computed tomography to image our
samples (Tafforeau et al., 2006; Arhatari et al., 2011). We scanned the humerus and femur
at midshaft of each individual (see figure 3.1). Micro-CT imaging was performed at the
BioMedical Imaging and Therapy (BMIT) beamlines(Wysokinski et al., 2007; 2015), part
of the Canadian Light Source (CLS) synchrotron facility. We used both the bend magnet
(BM) and insertion device (ID) beamlines which comprise the BMIT facility, depending on
availability. Imaging quality was comparable between the two beamlines, however
scanning using the ID beamline was much faster due to its higher X-ray flux, and the ID
beamline has a taller field of view. Both beamlines were used with the same
camera/detector set-up. We used a Hamamatsu C9300-124 optical camera paired with the

27



Hamamatsu A40 x-ray converter to take projection images with an effective pixel size of
4.3 um at 32 keV. This camera gives a field of view (FOV) of 11 mm in width. Many of the
bones in the sample have a shaft diameter greater than 11 mm requiring a larger FOV. We
used two methods to overcome this limitation. By moving the center of rotation of the scan
and rotating through 360° the FOV can be increased up to 18-19 mm. Alternatively, the
camera can be offset so that two projection images are taken and stitched together for
each rotation step. Because of the wide FOV provided by the open gantry micro-CT system
at BMIT, we were able to scan our specimens completely non-destructively. The height of
the FOV was 2 mm on the BM and 4 mm on the ID beamline. Each specimen was scanned
with exposure times ranging from 0.5-1.5 s per projection. The exact exposure time
depended on the synchrotron beam ring current, which decays from a peak of 250 mA
over time. Flat and dark frames were collected before each scan to correct for noise in the
detector and the x-ray beam. An Aluminum filter with an effective thickness of 1.1 mm
was used to eliminate any stray low energy harmonics. Our scans were optimized for in
line phase contrast using a propagation distance of 50 cm.

Figure 3.1: This image shows an example of sample mounting at the beamline. Pictured
here is an American white pelican femur. Each specimen was mounted using a self-
centering mount and secured with modeling clay so that the shaft of the bone was stable
in the field of view of the detector. On this sample discoloration on the surface of the
cortex is visible from the area scanned.
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3.3.2. Image Processing

The main steps in the image processing are illustrated in figure 3.2. A custom software
package was developed using the ImageJ (ImageJ, NIH) scripting platform to perform
most of the data processing. The micro-CT projections were initially processed to correct
for detector and beam noise using flat and dark projections, and reconstructed using
NRecon (Bruker SkyScan, Kontich BE), a commercial software package. NRecon provides
graphics card acceleration, allowing for rapid reconstruction of large data sets. We used
Amira (FEI Company, USA) to perform the main data processing — thresholding,
segmenting, and skeletonizing the reconstructed micro-CT slices to extract the canal
network from the bone as a lineset. Our analysis closely follows the method described in
(Pratt & Cooper, 2017).
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Figure 3.2: Processing steps for data analysis using a small ROI selected from the humerus
scan of a Swainson’s hawk. Images A, B, C, and D are longitudinal sections parallel to the
endosteal surface. The initial canal render is shown in A, followed by the skeleton in B,
and the subsampled network in C, clearly illustrating the close preservation of the original
orientation of the canal segments. The images in D and E show the measured 3D
orientation categories of the canal segments (thick lines) and their projected 2D analogues
(thin lines). Here red represents longitudinal canals, green represents radial canals, blue
represents circumferential canals, and white represents oblique canals. Image E is a
transverse section, looking top down, and shows that the 2D analogues have the same
orientation in the transverse section as the original 3D canal segments.

Each canal lineset was initially processed to identify branch points in the canal network
and subsample the network into a series of line segments of a defined length. This allows
for better measurement of the variability of orientation in the network, especially of curved
canals. We used a distance of 23 pixels (100 um), roughly the equivalent of a standard
histological slice. We measured the position of the bone’s centroid in each slice, and
measure the three dimensional orientation of each line segment in the subsampled
network relative to the position of the centroid. Two angles are measured, theta and phi.
Phi measures the angle between a canal segment and the long axis of the bone, and is used
to determine whether a canal is longitudinal. Theta measures the angle between a canal
and a line from the bone centroid to midpoint of that canal. Theta is used to differentiate
between radial and circumferential canals. By using both angles we were able to fully
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differentiate between all four bone categories, including oblique canals. This allows us to
classify whether each line segment is longitudinal, radial, or circumferential. We classified
canal segments following the criteria in (de Margerie, 2002; Pratt & Cooper, 2017) as
shown in table 3.2. In contrast to the method shown earlier in (Pratt & Cooper, 2017), we
weighted the orientation measure by the three dimensional length of each line segment,
so that shorter line segments (those segments under 100 um) that are less than the
separation distance have less effect on the overall measures of the scan. We then calculated
the laminar, radial, and longitudinal indices as the ratio of the sum of the length of all the
circumferential, radial, or longitudinal canal segments over the total length of all canal
segments (see equation 3.1). We use canal length instead of the canal area measure used
by de Margerie (2002) since the length more accurately reflects the proportions of canals
in the network than area, which underestimates longitudinal canals. Canal length is a 3D
measure that we can measure with micro-CT but cannot be measured in histology. In order
to see how the 3D measure performs against traditional two dimensional methods such as
histology we performed a kind of pseudo two dimensional measurement on the same
micro-CT scans. In the orientation measurement, instead of using the full canal segment
length we used the projected 2D length in the cross sectional plane.

Table 3.2: Canal categories

Canal category Phi Theta

Longitudinal 67.5-90 0-90
Circumferential 0-67.5 67.5-90

Radial 0-67.5 0-225

Oblique [0-22.5,67.5-90],[22.5-67.5] [22.5 - 67.5],[0 — 90]

Z CanalSegmentLeng thcircumferential

Laminar index =
aminar index Y. CanalSegmentLength,,

Equation 3.1: Laminar index calculation. Calculations for radial and longitudinal indices
are analogous.

3.3.3. Cross-sectional geometry

The middle slice of each scan was selected for analysis using cross sectional geometry
metrics. The slices were masked and the porosity filled in. Custom algorithms (Matlab,
MathWorks, Natick, MA, USA) were used to measure the geometric parameters and
strength indices. The metrics measured included the ratio of principal maximum and
minimum area moments of inertia (In./Inin), polar area moment of inertia (I,), the ratio
of principal maximum and minimum section moduli (Z;.x/Zmin), polar section modulus
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(Z,), buckling ratio (BR), cortical thickness (t.), cortical area (a.), and circularity. In
order to account for differences in size we created a cortical thickness index defined as the
ratio of cortical thickness over cortical area.

Principal area moments of inertia were calculated based on traditional methods, with the
polar area moment of inertia calculated as the sum of the minimum and maximum area
moments of inertia. Principal section moduli were calculated by dividing the equivalent
principal area moment of inertia by the corresponding maximum distances to the outer
periosteal edges from the principal neutral axes. The polar section modulus was defined
following (Johnston et al., 2014) by dividing the polar area moment of inertia by the
maximum outer radius of the bone. The buckling ratio was calculated as the ratio of total
area to cortical area (Sievanen et al., 2016). Cortical thickness was measured using the
unrolling approach (Johnston et al., 2014). Circularity was defined as the ratio of the total
bone area to the area of the smallest inscribing circle (Zebaze et al., 2005).

Statistical analysis was performed with SPSS version 24 (IBM, USA). We used repeated
measures two-way MANOVAs to compare the three orientation indices, the geometric
parameters, and the strength indices between the two taxonomic groups and the two bones
for both the 3D and the pseudo-2D data. A one-way repeated measures ANOVA was used
to compare the pseudo-2D and 3D results. Linear regression analysis was used to look for
correlations between geometric and strength parameters and orientation indices.

3.4. Results

Descriptive statistics are shown in table 3.3 for the 3D measurements. The comparison
between birds and bats is shown in table 3.4 and the comparison between humerus and
femur is shown in table 3.5 for both the 3D and pseudo-2D methods. We consider a p-
value of less than 0.05 as statistically significant, and all p-values are shown in the tables.
The comparison between the two measurement methods is shown in table 3.6. For the
main 3D analysis, we found that birds have a higher laminar index than bats in the
humerus and femur. The birds also had a lower radial index in the humerus and a lower
longitudinal index in the femur. The results for the pseudo-2D analysis mirrored these
findings.

32



Figure 3.3: Bird micro-CT scans. Both images show relatively thin cortices with full
vascularization. Right side is a Swainson's hawk Humerus, left side is a Snowy owl
humerus.

Figure 3.4: Bat micro-CT scans. Note the relatively thick cortices with typical low
vascularization. Complete absence of vascularization can be seen in the right cortex. Some
evidence of secondary remodeling can be seen in the cortex on the left (white arrows).
Right side is a Grey-headed flying fox femur, left side is a Spectral bat femur.
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Table 3.3: Descriptive statistics for the 3D measurement style.

Variable Tax group Bone Mean Std. D.
3D Laminar Index Birds Humerus 0.183 0.057
Femur 0.232 0.075
Bats Humerus 0.118 0.115
Femur 0.119 0.118
3D Radial Index Birds Humerus 0.218 0.064
Femur 0.243 0.080
Bats Humerus 0.309 0.185
Femur 0.273 0.196
3D Longitudinal Index Birds Humerus 0.471 0.093
Femur 0.383 0.094
Bats Humerus 0.507 0.201
Femur 0.537 0.239
Z, Birds Humerus 94.321 80.976
Femur 10.211 49.33
Bats Humerus 57.499 10.126
Femur 3.499 3.955
I, Birds Humerus 589.053 696.29
Femur 27.734 348.78
Bats Humerus 307.387 36.561
Femur 6.951 10.558
Buckling ratio Birds Humerus 6.545 1.646
Femur 3.722 1.1822
Bats Humerus 6.993 0.4745
Femur 3.464 0.4723
Tnass Tmin Birds Humerus 1.434 0.1627
Femur 1.277 0.1646
Bats Humerus 1.218 0.1858
Femur 1.314 0.1805
Zimax/ Zmin Birds Humerus 1.241 0.093
Femur 1.145 0.0866
Bats Humerus 1.097 0.0974
Femur 1.149 0.0757
Cortical thickness index Birds Humerus 0.039 0.014
Femur 0.104 0.0181
Bats Humerus 0.046 0.0296
Femur 0.163 0.0568
Circularity Birds Humerus 0.811 0.0491
Femur 0.828 0.0623
Bats Humerus 0.828 0.0557
Femur 0.812 0.0782
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Table 3.4: Comparison between birds and bats. A positive mean difference means the
birds are have a higher value than the bats.

Variable Bone Mean difference Std error sig
3D Laminar Index Humerus 0.059 0.027 0.031
Femur 0.121 0.028 0.000
3D Radial Index Humerus -0.113 0.034 0.002
Femur -0.049 0.043 0.267
3D Longitudinal Index Humerus -0.010 0.039 0.791
Femur -0.147 0.052 0.007
Pseudo-2D Laminar Index Humerus 0.090 0.037 0.018
Femur 0.148 0.038 0.000
Pseudo-2D Radial Index Humerus -0.166 0.038 0.000
Femur -0.079 0.045 0.091
Pseudo-2D Longitudinal Index Humerus -0.024 0.030 0.421
Femur -0.165 0.046 0.001
Zy Humerus 80.577 18.391 0.000
Femur 50.861 10.871 0.000
I, Humerus 544.293 158.423 0.001
Femur 280.055 75.549 0.001
Buckling ratio Humerus 2.912 0.368 0.000
Femur 3.477 0.252 0.000
Ina/Tmin Humerus 0.195 0.042 0.000
Femur -0.085 0.051 0.105
Zma/ Zimin Humerus 0.126 0.023 0.000
Femur -0.048 0.025 0.059
Cortical thickness index Humerus -0.060 0.007 0.000
Femur -0.109 0.012 0.000
Circularity Humerus -0.018 0.014 0.190
Femur 0.012 0.019 0.525
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Table 3.5: Comparison between humerus and femur. A positive mean difference means
the humerus has a higher value than the femur.

Variable Tax group Mean Difference Std. Error  Sig.
3D Laminar Index Birds -0.040 0.018 0.035
Bats 0.022 0.022 0.304
3D Radial Index Birds -0.032 0.027 0.255
Bats 0.033 0.032 0.315
3D Longitudinal Index Birds 0.085 0.033 0.013
Bats -0.051 0.039 0.196
Pseudo-2D Laminar Index Birds -0.034 0.027 0.211
Bats 0.024 0.032 0.445
Pseudo-2D Radial Index Birds -0.026 0.031 0.400
Bats 0.062 0.036 0.095
Pseudo-2D Longitudinal Index Birds 0.062 0.029 0.037
Bats -0.079 0.034 0.024
Z, Birds 37.217 5.821 0.000
Bats 7.501 6.888 0.282
I, Birds 288.068 60.160 0.000
Bats 23.829 71.182 0.739
Buckling ratio Birds -0.341 0.228 0.141
Bats 0.224 0.269 0.409
Inax/Tmin Birds 0.213 0.042 0.000
Bats -0.068 0.050 0.180
Zma/ ZLmin Birds 0.146 0.023 0.000
Bats -0.028 0.027 0.301
Cortical thickness index Birds -0.007 0.004 0.078
Bats -0.055 0.004 0.000
Circularity Birds -0.012 0.014 0.387
Bats 0.018 0.017 0.274

Table 3.6: Comparison between pseudo-2D method and 3D method.

Measure Mean Difference Std. Error Sig.

Laminar Index 0.077 0.004 0.000
Radial Index 0.094 0.005 0.000
Longitudinal Index -0.209 0.005 0.000

We also found that in birds the humerus had a lower laminarity index than the femur and
a higher longitudinal index. In contrast, the pseudo-2D method found only significant
differences in the longitudinal index, with the humerus higher than the femur in the birds
and lower in the bats. We found differences between the two methods for all three
measures, with the laminar and radial indices higher in the pseudo-2D measure, and the
longitudinal index lower. In both the birds and the bats, the overall highest category of
canals was longitudinal, then radial, and lowest was laminar.
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In the cortical bone geometrical parameters we found several differences. Both the Z, and
I, were higher in birds compared to bats in both the humerus and the femur, and higher
in the humerus than the femur in birds. The buckling ratio was higher in birds than in bats
in both the humerus and the femur. We found that I,/ Inin and Zax/Zimin Were both higher
in birds than in bats in the humerus. Ly./Inin and Zay/Zmin Were also both higher in the
humerus than in the femur in birds. Using the cortical thickness index we found that bats
were thicker than birds in both the LLumerus and the femur, and that the femur was thicker
than the humerus in bats. We found no correlations between the geometric parameters
representing torsional resistance and the laminarity index, and no correlations between
the geometric parameters representing bending resistance and the longitudinal index.
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3.5. Discussion

Figure 3.5: 3D renders of canal segments in a Swainson’s hawk humerus with
circumferential shown in blue, longitudinal shown in red, radial shown in green, and
oblique shown in white.

The traditional method for studying cortical bone porosity has been undecalcified bone
histology. Micro-CT is a relatively new technique (Feldkamp et al., 1989) that has
increasingly been applied to cortical bone microstructure. In comparison to histology,
micro-CT is “less destructive” — depending on the system and sample it can be completely
non-destructive, as in our case. Non-destructive imaging methods preserve the specimens
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for future analysis and make obtaining access to rare materials much easier. Micro-CT is
typically lower resolution than histology — only the highest resolution scans are able to
capture osteon boundaries (Arhatari et al., 2011; Cooper et al., 2011; Maggiano et al.,
2015; Andronowski, Pratt & Cooper, 2017). This means most micro-CT scans are not able
to differentiate primary from secondary canals. Scan quality varies drastically between
micro-CT systems, and the best systems are available only at synchrotron research
facilities, where research time is limited; However, the fundamental advantage of micro-
CT is it is able to capture the full 3D vascular canal network in a complete bone, and the
ability to capture many more canals than are present in a single histological slice. This
study is the first to use micro-CT to test hypotheses about canal orientation in 3D. Previous
studies on canal orientation using micro-CT have only been able to differentiate between
longitudinal canals and transverse canals (Britz, Jokihaara, et al., 2012; Jast & Jasiuk,
2013), and have not had the ability to differentiate between radial and circumferential
canals until (Pratt & Cooper, 2017). Our study relied on the synchrotron system to provide
a wider field of view than most laboratory based micro-CT systems, allowing the imaging
of the full bone cross section non-destructively. Previous studies have used histology and
attempted to infer a 3D orientation (de Boef & Larsson, 2007a), but this approach is flawed
by the assumptions required to generate the measurement. They fit an ellipse into each
canal space and if the minor axis is equal to or greater than 95% of the major axis assume
the canal is longitudinal. This relies on the assumption that canals are very circular in
cross-section, an assumption that is not always true (Hennig et al., 2015). A more
fundamental problem in the histological method of analysis is the underestimation of
longitudinal canals. The method used by most studies (Rensberger & Watabe, 2000; de
Margerie, 2002; Skedros & Hunt, 2004; Cubo et al., 2005; de Margerie et al., 2005; de
Boef, Larsson & Horner, 2007; Marelli & Simons, 2014; Lee & Simons, 2015) creates a
laminarity index based on the proportion of circumferential canal area out of total canal
area. In a histological slice, the area of longitudinal canals measured is underestimated as
only a small cross section of the canal is measured, as opposed to a transverse section of
circumferential or radial canals. This affects the accuracy of any calculations relying on a
‘total canal area’ metric.

We found that the bat species typically have thick cortices with inconsistent vascularization
containing few canals typically concentrated into clusters. The birds have thin cortices
tightly packed with canals (see figure 3.3). The bats had a significantly higher cortical
thickness index than the birds in both the humerus and the femur. The bats had thicker
cortices in the femur than in the humerus, while there were no differences in cortical
thickness between the bones in the birds. Our results indicated that both the birds and the
bats were both very circular (close to 1), with no differences between the groups or the
bones. This indicates that both bones are adapted to torsional loading. We found a
significantly higher buckling ratio in the birds than in the bats, and no differences between
the humerus and the femur. This indicates a higher resistance to local fractures in the
bird’s bones. This may be due to the thinner cortices in these animals. We found a
significantly higher I, and Z, in the birds than in the bats, and a significantly higher I, and
Z,in the bird humeri than in the bird femora. These results suggest that the birds have a
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greater torsional resistance than the bats, and that the humeri in birds have greater
torsional resistance than the femora. Iay/Iinin and Ziyax/Zimin Were significantly higher in bird
humeri than in bat humeri. I,/ Inin and Zp.x/Zmin Were also higher in the humerus than the
femur in birds. These differences indicate that the birds and the bats are experiencing
different loads across the major and minor axes. Overall these data reinforce the idea that
the humerus is more adapted to torsional stresses, and suggest that the bird bones have a
greater resistance to torsional stress than the bats.

In four bat bones (3 femora and 1 humerus), the cortices were found to be completely
absent of vascular canals in the area of the scan (see figure 3.4). Previous studies have
noted that bats tend to be poorly vascularized or avascular (Foote & Hrdlicka, 1916; Enlow
& Brown, 1958; Bennett & Forwood, 2010; Lee & Simons, 2015). Monitor lizards are also
known to have inconsistent vascularization, with cortices that can be completely free of
vascular canals. de Buffrenil & colleagues (2008) examined the canal orientation and
cortical porosity density in these animals. They found that the presence of canals requires
a certain body size, and that canal orientation was a variable feature independent of
growth rate. Lee & Simons [2015] propose that the absence of fully vascularized tissue
indicates that bats do not have laminar bone and that bone shape is more important in
determining torsional resistance. They gave a laminar index of 0 or N/A for all the bats in
their sample. We had one specimen in our sample (Pteroptus vampyrus) of a species
present in their sample, and we measured a laminar index of 0.049 in its humerus. Part of
the reason for this may be due to the problems with the histology measurement method
used. Since the bats have few canals, any single plane of section may not accurately reflect
the full pattern present in the whole bone. Our results show that although the bats have
fewer canals overall and they have a significantly lower laminar index than the birds, they
do still contain circumferential canals. The clear differences found between the more
laminar birds and the bats is in line with the results found by Lee & Simons (2015). The
bats do not have enough circumferential canals to call the bone ‘laminar’.

While de Margerie (2002) set a value of 0.5 for the laminar index as a determinant of
laminar bone, none of the bones we scanned had a value that high. Our laminarity index
values are much lower than those found by de Margerie (2005) who measured laminarity
indices of 0.625 for the humerus and 0.563 for the femur in a sample of 22 birds. Lee &
Simons (2015) measured laminarity indices averaging 0.331 overall for humeri of 15
birds, much closer to the values reported here. We found that the bird humeri had an
average laminarity index of 0.183, the bird femora an average of 0.232, the bat humeri an
average of 0.118, and the bat femora an average of 0.119. In our previous article (Pratt &
Cooper, 2017) we measured a laminar index of 0.119 in a rat tibia, well below the mean
laminar index for the birds in both humeri and femora. In our comparison, the laminar
and radial indices were higher by 0.077 and 0.093 in the pseudo-2D measures (p < 0.001)
while the longitudinal index was significantly lower by 0.210 (p < 0.001). This indicates
that traditional methods are underestimating the amount of longitudinal canals by 21%,
and that previously reported values for laminarity indices may not be reliable.
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Several studies have shown that the growth rate of bone differs between the long bones,
(Castanet et al., 2000; Starck & Chinsamy, 2002; de Margerie et al., 2004) with higher
growth rates in the hindlimb, and between species, with bats growing slower than birds.
De Margerie (de Margerie et al., 2004) suggests that laminar bone is the slowest growing.
Skedros & Hunt (2004) found a significantly higher laminar index in adult turkey ulnae
compared to sub-adults. They attributed part of this difference to changes in growth rate
throughout the lifespan of the animal. We found a significantly higher laminar index in
the femur than in the humerus, which could indicate a prioritization of laminar bone over
growth rate in the femur or a prioritization of growth rate over laminar bone in the
humerus. Our findings contradict what we expected based on the literature. Previous
studies (de Margerie, Cubo & Castanet, 2002; de Margerie et al., 2005; de Margerie &
Rakotomanana, 2007; Lee & Simons, 2015) have all shown a higher laminar index in the
humerus than in the femur. While our 3D results show the opposite of this, a higher
laminar index in the femur than in the humerus, the pseudo-2D measurement shows no
difference in the laminar index between the two bones. The pseudo-2D measure found
differences in the longitudinal index between the bones in both groups, while the 3D
comparison also found a significant difference in the longitudinal index between the
humerus and femur in the birds. This indicates that at least part of the disparity between
our results and those in the literature originate in the analysis method, with not enough
canals measured in the bones and the underestimation of longitudinal canals. Another
potential explanation for the differences could be high variance in canal orientation
between individuals of the same species and between species. The orientation
measurements in the bats have relatively high standard deviations (on the same order of
magnitude as the means for each group). Our sample contains many different species but
few (1-4) individuals per species. The sample contains both female and male individuals,
and there is no research on sex differences in cortical canal orientation. Overall our
orientation results run counter to expectations and taken together with the cortical
geometry data which shows higher torsional strength in the humerus than in the femur,
our results do not support the hypothesis that laminar bone is a response to torsional
loading in the wing bones.

In our study we were unable to determine when the patterns seen in the microstructure
develop. The micro-CT scans we used are unable to differentiate between primary and
secondary canals, so we were unable to say whether the patterns developed early in life
during development or later in life through remodeling. Several of the bat scans show
large voids in the cortex which are likely remodeling events, and some of the scans show
mineralization differences indicating osteon boundaries which are typical of secondary
canals (See Figure 3.4 for an example in bats). Birds are known to go through remodeling
in maturity and we found some evidence of osteon boundaries in our scans as well. If
higher laminarity appears only after flight behaviour manifests, that would be evidence
supporting the hypothesis that laminar bone is a response to functional loading. If laminar
canals appear during early development, it would require more insight to determine if they
were a response to growth or to an evolutionary pressure for increased resistance to
torsional loading. The best avenue for determining this is by way of longitudinal studies
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on canal orientation, which to the best of our knowledge have never been performed.
Previous research in our lab has shown that in vivo micro-CT can be applied to image
cortical canals in live rats (Pratt et al., 2015). It would be of great interest to apply this
technique to a bird model, to determine how the microstructure develops in 3D during
ontogeny, and especially across the point of acquisition of flight.

3.6. Conclusion

Highly vascularized bird cortices and poorly vascularized bat cortices showed clearly
different patterns of vascular canal orientation. While both groups face similar mechanical
loads on their wing bones, they seem to have found different strategies to adapt to them.
Overall it remains difficult to fully assess whether a higher laminar index is a response to
loading or growth rate, however, this study does not find support for the functional loading
hypothesis. Studies seeking to interpret the behaviour of extinct species should be wary of
the incomplete state of knowledge in this area and the limitations of histological analysis.

We recommend that any studies of vascular canal orientation use micro-CT rather than
histology, to avoid the issue of underestimation of longitudinal canals and to measure
instead of infer the theta angle. This study and our previous technical article (Pratt &
Cooper, 2017) form a strong basis for how to proceed with micro-CT analysis of vascular
canal orientation.

Future studies should investigate the development of canal orientation throughout the
lifespan of the target species, with particular interest in the time period of the acquisition
of adult locomotor behavior. In vivo micro-CT imaging provides an excellent opportunity
for the acquisition of such data.
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Chapter 4. The effect of growth rate on the three dimensional
orientation of vascular canals in the cortical bone of broiler
chickens.

This chapter has previously been published as: Pratt, I.V. and Cooper, D.M.L., 2018. The
effect of growth rate on the three-dimensional orientation of vascular canals in the
cortical bone of broiler chickens. J Anat. doi:10.1111/joa.12847 and is reprinted here
with permission from the publisher (see appendix).

4.1. Introduction

Cortical bone is a major component of the strength of a bone. In particular, the porosity
within cortical bone is important in developing the asymmetrical strength required by each
bone’s particular functional requirements (Currey, 2002; Ammann & Rizzoli, 2003;
Cooper et al.,, 2016). The cortical canal network forms initially during the primary
formation of a bone. In fibrolamellar bone, vascular spaces incorporated from the
periosteum are closed in by deposition of layers of lamellar bone. Over time these spaces
are filled in leaving a network of connected primary canals, or primary osteons (Maggiano,
2012). In humans and most larger animals, bone is continually renewed through the
turnover of bone tissue in a process known as remodeling. Remodeling bores new canals
through bone which are then filled in with new ‘secondary’ bone, creating the structures
known as secondary osteons.

The orientation of cortical canals, both primary and secondary, is a useful signal in bone
microstructure, but its full etiology is not clear. In a long bone, the orientation of a canal
can be either longitudinal, meaning parallel to the long axis of the bone; radial, oriented
like rays emanating from the centroid, like spokes on a bicycle wheel; circumferential,
meaning parallel to the circumference, like the orbit of a planet; or oblique, falling
between the other categories. Measuring the proportion of one category of canal
orientations to all the canals gives indices, the most common of which is the laminar index
popularized by de Margerie et al. (2002) after de Ricqles et al. (1991). de Margerie et al.
(2002) defined the laminar index as the proportion of circumferential canal area to total
canal area as measured in 2D histological sections. Canal orientation is thought to be
related to both functional loading and growth, with primary canals reflecting the situation
during the initial growth phase and secondary canals reflecting later life periods.
Secondary canals can yield more mixed signals as the loading experienced by a bone may
change in later life and the remodeling process may not overwrite all canals from earlier
life so canals from a previous period can confound measurements.

Alink between functional loading and canal orientation was proposed by Hert et al. (1994)
and Petrtyl et al. (1996) who suggested that longitudinal canal orientations in the human
femur optimized resistance to bending forces, and by de Margerie et al. (2002) who
proposed that circumferential canals in mallard duck wing bones helped resist torsional
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forces created by flight and showed that mallards had a significantly higher laminar index
in the wing bones than in the hindlimb bones. Evidence from rats (Britz, Jokihaara, et al.,
2012) showed that a 6 month period of paralysis-induced disuse in a rat hindlimb
drastically changes the canal orientation pattern in the tibia. de Margerie et al. (2002) also
found no significant relationship between canal orientation and bone growth rate in
mallard long bones. de Margerie et al. (2004) suggested that radial canals have the lowest
mechanical resistance to shear stress of all the canal orientations and circumferential
canals the highest. We previously found a higher laminar index in the femur than the
humerus in a comparative study of birds and bats (Pratt et al., 2018) a result that does not
support a link between functional loading and canal orientation.

The other potentially significant factor relating to differences in canal orientation is growth
rate. Studies in king penguin chicks (de Margerie et al., 2004) and in Tyrannosaurus rex
(de Boef, Larsson & Horner, 2007) found relationships between growth rate and vascular
canal orientation with bone with more radial canals growing faster and bone with more
circumferential canals (corresponding to a higher laminar index) growing slower. Skedros
& Hunt (2004) found a significantly higher laminar index in adult turkey ulnae compared
to sub-adult bones. They suggested that the increase in laminarity from sub-adult to adult
may be caused by a change in loading history from predominantly bending in the sub-
adults to predominantly torsion in the adults or by ontogenetic changes in growth rate.
They believed that the changes in growth rate may be the stronger factor, with lower
growth rates in the adult bones linked to the higher laminar index.

The orientation of cortical canals has traditionally been measured using ground section
histology but we here employ a more advanced method using micro computed tomography
(micro-CT). Micro-CT is ideal for measuring canal orientation as it can visualize and
measure the full 3D orientation of each canal in a bone’s vascular network (Pratt & Cooper,
2017) and measures bone and canal morphology in three dimensions (Cooper et al.,
2003). Compared to histology, micro-CT is also less destructive to the sample and enables
analysis of a much larger number of canals.

In order to help shed more light on the relationship between growth rate and cortical canal
orientation, we ran a controlled growth experiment using broiler chickens. Modern broiler
chickens, including the strain used here, have undergone long-term selective breeding
programs for faster growth and feed efficiency (Rawlinson et al., 2009) with modern
broiler chicken growth rates 300% higher than ancestral birds (Knowles et al., 2008).
These programs have been very successful resulting in animals with very high growth rates
which can be easily controlled through their diet (Williams et al., 2004) by using feed
restriction techniques. Broiler chickens are used extensively as meat poultry and their
rapid growth rate results in skeletal issues including frequent bone defects and leg
fractures (Knowles et al., 2008; Pines & Reshef, 2014). Extremely fast growth in these
animals may lead to bones that are weaker with lower stiffness, resistance to fracture, and
bones that may have lower ability to respond to mechanical loading (Rawlinson et al.,
2009; Shim et al., 2012).
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This study used two groups of broiler chickens: a control group fed ad libitum, and a feed
restricted group. Following Williams et al. (2004) we predicted that the control group
would have a significantly higher growth rate than the restricted group. We used micro-
CT to scan a mid-diaphyseal portion of the right femur and humerus from each individual
and measured the full 3D cortical canal orientation in each bone. We then calculated a
laminar, radial, and longitudinal index for each bone. Based on the previous evidence
suggesting a link between faster growth and radial canal orientation, we predicted that
the restricted group would contain a lower radial index than the control group, and a
higher laminar index. We also hypothesized that the humerus would have a higher laminar
index than the femur. This would support the idea that bones involved in flight exhibit
laminar bone as an adaptation to torsional loading.

4.2. Materials

We used 31 Ross 308 broiler chickens (Prairie Pride Natural Foods Ltd, Saskatoon,
Canada) separated into two groups, an experimental group and a control group. The
experimental group had a final N of 16 and the control group had a final N of 15. This is
a commercial strain of chickens that has been bred extensively for fast growth. We used
male chickens because they have a higher natural growth rate than females. The chicks
were treated with Vaxxitek (Merial Canada). We started with day old chicks, which
ensured control over the diet of the animals across their entire lifespan. We chose an
endpoint of 42 days, a common end time point used in broiler chicken bone growth studies
(Williams et al., 2000; 2004). By 37 days, areas of laminar bone have been observed in
the tibiotarsus of broiler chickens (Leterrier & Nys, 1992), indicating that this time length
is sufficient for laminar bone to develop. Micro-CT scans were taken of the mid humerus
and femur of each individual. Animal ethics approval was granted by the University of
Saskatchewan Animal Research Ethics Board of the University Committee on Animal Care
and Supply (protocol 2015-0080) and by the Canadian Light Source.

4.3. Methods
4.3.1. Housing, Lighting

The two groups were placed in separate pens in a basic open floor chicken pen with Aspen
shaving bedding. We used trough style feeders so that there was sufficient feeder space to
ensure uniform access to the feed for each animal. During the first two days the pen had
24 hours of constant light. We followed a standard lighting schedule modified from
(Schwean-Lardner, Fancher & Classen, 2012) with constant lighting until day 3 when the
lighting was reduced to 23 hours of light and 1 hour dark, with the amount of light
decreasing each day until day 8 when the pen had 18 hours of light and 6 hours of dark.
This level of lighting was maintained until the end of the study.
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4.3.2. Feed restriction

We used a feed restriction experimental design based on Williams et al. (2004) with a
control group and a restricted group. The control group was fed ad libidum, using a
commercial chicken feed. The experimental group had their feed restricted to 50% of that
consumed by the control group. The restricted diet was based on the previous day's ad lib
consumption, obtained by weighing the feed every morning. Following Williams et al.
(2004), the restricted group was fed a custom feed with double the calcium and
phosphorus content of the ad lib feed, to maintain similar calcium and phosphorus intake
at the 50% feed level. Our feed was obtained from the Canadian Feed Research Centre in
North Battleford, Canada. This degree of restriction has been shown to permit normal
growth and health in the animals, while producing a noticeable effect on gross bone
morphology (Williams et al., 2004). For the first four days, both groups were fed ad lib
using a standard broiler starter feed. This ensured that feed restriction only occurred after
the chicks were growing and developing normally

4.3.3. Growth measurement

Each animal was wing-banded on day 1 and individually weighed daily to establish growth
rates for both the control and restricted feed groups. Final total weight was also measured
for each bird. We used weight to measure growth because it correlates strongly with major
physiological traits (Blueweiss et al., 1978) and is easy to measure consistently across the
short lifespan of the animals (Lee et al., 2013).

4.3.4. Sample preparation

The animals were euthanized after 42 days using a T-61 euthanasia solution injected into
the brachial (wing) vein. The humeri and femora were dissected out from each bird and
macerated to clean the bones to create better quality micro-CT images. We used warm
water enzyme maceration as it has been shown to be efficient while working on a short
time scale while retaining good preservation. We used bromelain as our enzyme and
Palmolive dish detergent as the active degreaser in an 80°C water bath (Steadman et al.,
2006; Lee et al., 2010). Before maceration we removed as much soft tissue from the bones
as possible. We also used a magnetic stirrer to help loosen the remaining soft tissue from
the bone during maceration.

4.3.5. Micro-CT

We used in-line phase contrast synchrotron micro-CT (Tafforeau et al., 2006; Betz et al.,
2007; Arhatari et al., 2011; Cooper et al., 2011) to image the right humerus and femur
from each individual animal at midshaft. We defined midshaft as 50% of the bone’s
maximum length. Micro-CT imaging was performed at the BioMedical Imaging and
Therapy (BMIT) insertion device beamline (Wysokinski et al., 2015), part of the Canadian
Light Source (CLS) synchrotron facility. We used a Hamamatsu C9300-124 optical camera
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paired with a Hamamatsu A40 x-ray converter to for an effective pixel size of 4.3 um at 32
keV. Each bone was scanned with exposure times between 0.7-1 s per projection, with
1500 projections for each scan for a total individual scan time of 20-30 minutes. The exact
exposure time was chosen based on the synchrotron beam ring current, which decays from
a peak of 250 mA over time. Flat and dark images were collected before each scan to
correct for noise in the x-ray beam and the detector. An Aluminum filter with an effective
thickness of 1.1 mm was used to eliminate stray low energy harmonics in the x-ray beam.
We used a propagation distance of 50 cm to optimize the phase in the scans (Pratt et al.,
2015). Micro-CT at this resolution is able to distinguish canal microstructure (Cooper et
al., 2007; Palacio-Mancheno et al., 2013), and phase contrast helps visualize
microstructures and has a resolution enhancing effect (Pratt et al., 2015).

4.3.6. Image processing

We measured the orientation of the cortical network independently for each animal’s
humerus and femur scan following Pratt & Cooper (2017) and Pratt el al (2018). We used
a custom image processing software package developed using the ImageJ (ImageJ, NIH)
scripting platform to perform most of the data processing. The script suite is available at
https://github.com/isaacpratt/canal-orientation. We did our correction for detector and
beam noise using flat and dark projections, and reconstructed the micro-CT projections
using NRecon (Bruker SkyScan, Kontich BE), a commercial software package. We used
Amira (FEI Company, USA) to extract and skeletonize the canal network from the micro-
CT bone scans into a lineset format. The produced lineset file contains a series of points
representing the central axis of each canal. From this we simplified the series of points into
a set of line segments which we can measure the orientation of and which preserve the
variability of orientation in the network. This lineset is then simplified into a series of line
segments with a branch length set by the macro. We measured two angles for each line
segment: theta and phi. Phi is the angle between a canal segment and the long axis of the
bone, and determines how longitudinal a canal is. Theta is the angle between a canal and
a line from the bone centroid to the midpoint of that canal. The theta angle differentiates
radial and circumferential canals. Using these two angles we can classify each line segment
as longitudinal, radial, circumferential, or oblique. We classified canal segments following
(de Margerie, 2002; Pratt & Cooper, 2017). We then calculate three indices, a laminar
index, a longitudinal index, and a radial index, as the ratio of the sum of the length of all
the circumferential, longitudinal, or radial canal segments over the total length of all canal
segments.

4.3.7. Statistical Analysis

Statistical analysis was performed with SPSS version 24 (IBM, USA) using repeated
measures two way ANOVAs to simultaneously compare the three orientation indices
between the two groups (between-subjects factor) and the two bones (within-subjects
factor). We used pairwise comparisons to obtain the mean differences of the indices
between the two groups and the two bones. Body weight and growth rate were compared
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using a repeated measures ANOVA. Sphericity was not rejected for our data. Shapiro wilks
test was run on all variables and all were found to be normally distributed, and Levene’s
test was run for all variables and homogeneity was not rejected. We set our alpha level at
p = 0.05.

4.4. Results

Body weight vs time
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Figure 4.1: Mean body weight over time. The restricted group is shown with a dashed line
and the control group is shown with a solid line. Error bars show the standard error every
five data points.
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Absolute growth rate over time
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Figure 4.2: Mean growth rate over time. The restricted group is shown with a dashed line
and the control group is shown with a solid line. Error bars show the standard error every
five data points.

At the end of the study (42 days) the mean weight of the control group at 3366g was
almost twice the mean weight of the restricted group at 1698g. The two groups started to
diverge in weight at day 8 (restricted = 168.3g; control = 185.3g; p = 0.049) and the
weight difference accelerated from there (see figure 4.1). Our broilers achieved higher
final weights than those in (Williams et al., 2004), with their ‘commercial’ strain
(equivalent to our control group) achieving a weight of 2556g and their restricted group
achieving a weight of 1226g. The final absolute growth rate of the control group at 42
days was 142.9 g/day, almost three times that of the restricted group, at 47.9 g/day. The
two groups started to differ in absolute growth rate at day 6 (restricted = 18.2 g/day,
control = 21.6 g/day, p = 0.001), and continued to diverge from there (see figure 4.2)
although there were still some days after that where the difference in absolute growth rate
was not significant (7, 11, 15).
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Table 4.1: Descriptive statistics for the cortical orientation indices.

Variable Study group Bone Mean (%) Std. D. (%)
Laminar Index Control Humerus 15.64 2.98
Femur 10.02 2.56
Restricted Humerus 21.60 3.95
Femur 14.54 2.92
Radial Index Control Humerus 38.71 5.46
Femur 55.64 5.37
Restricted Humerus 28.75 3.81
Femur 44.44 4.37
Longitudinal Index Control Humerus 33.46 3.46
Femur 21.17 3.12
Restricted Humerus 36.21 2.98
Femur 26.52 3.95

Table 4.2: Comparison between control and restricted chicken groups. A positive mean
difference means the control group has a higher value than the restricted group. All
variables were found to be statistically significant.

Variable Bone Mean difference (%) Std. error Sig.
Laminar Index Humerus -5.96 1.21 <0.001
Femur -4.51 0.95 <0.001
Radial Index Humerus 9.96 1.65 <0.001
Femur 11.21 1.71 <0.001
Longitudinal Index Humerus -2.75 1.13 0.021
Femur -5.35 1.23 <0.001

Table 4.3: Comparison between humerus and femur in the control and restricted chicken
groups. A positive mean difference means the humerus has a higher average value than
the femur. All variables were found to be statistically significant.

Variable Group Mean difference (%) Std. error Sig.
Laminar Index Control 5.62 1.02 <0.001
Restricted 7.06 1.05 <0.001
Radial Index Control -16.94 1.51 <0.001
Restricted -15.69 1.56 <0.001
Longitudinal Index Control 12.29 1.07 <0.001
Restricted 9.69 1.10 <0.001
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Descriptive statistics for the laminar, radial, and longitudinal indices are shown in table
4.1. Comparisons between groups and bones are shown in tables 4.2 and 4.3, and P-values
for all comparisons are shown in the tables. Statistics for the comparison between the
restricted and control groups are shown in table 4.2, and for the comparison between the
humerus and femur are shown in table 4.3. The comparisons are illustrated in figure 4.3.
Micro-CT slices are shown in figure 4.4 to show the microstructure and 3D renders of canal
segments are shown in figure 4.5 to illustrate the orientations discussed in the text.
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Figure 4.3: Graph showing the comparison of the laminar, radial, and longitudinal indices
between the humerus and femur in the control and restricted groups. Error bars show the
standard error and significant differences are marked with an asterisk.

Both groups had very highly vascularized bones (see figure 4.4) with sections of new bone
growth at the periosteum and endosteum. Larger vascular spaces were often seen close to
the endosteal border of the bones, and long radial canals were often seen reaching from
far into the cortex from both the periosteal and endosteal borders. Typically the birds had
larger femora than humeri. The most common canal type in the bones was radial for both
groups’ femora and the control humeri or longitudinal for the restricted humeri. Several
bones had areas, especially close to the periosteum, with locally higher numbers of
circumferential canals near the periosteum but overall circumferential was the least
common canal type for both bones in both groups.
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We found that the laminar index was higher in the restricted group than in the control
group for both bones, and higher in the humerus than the femur for both groups. The
radial index was lower in the restricted group than in the control group for both bones,
and lower in the humerus than in the femur for both groups. The longitudinal index was
higher in the restricted group than in the control group for both bones, and higher in the
humerus than the femur for both groups. No interaction effect was found between bone
and group.

52



Figure 4.4: Micro-CT slices. Each image is created by averaging 5 consecutive micro-CT
slices. A shows a control humerus, B shows a control femur, C shows a restricted humerus,
and D shows a restricted femur. All the images are of mid-humerus 42 day old chickens
post euthanization. Several radial canals are noticeable in the top left of A.
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4.5. Discussion

Figure 4.5: 3D renders of canal segments with circumferential shown in blue, longitudinal
in red, and radial in green. The left side shows a control femur with a high radial index
and a low laminar index, and the right side shows a restricted humerus with a low radial
index and a high laminar index. Inset panes show close ups of the canals to better show
the orientation. All the images are of 42 day old animals post euthanization.

Both the humerus and the femur in our study had areas of cortex with noticeably radial
canals in both groups, although this was more evident in the femur and the control group.
This was confirmed by the orientation index analysis, where the control group had a
significantly higher radial index than the restricted group, and the femur had a
significantly higher radial index than the humerus. This aligns with previous research
indicating that bone with radial canals has a higher growth rate than bone with other canal
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types (de Margerie et al., 2004). de Margerie et al. (2004) used fluorescent labeling in
king penguin chicks and showed that bone with mainly radial vascularization had the
fastest growth rate, followed by longitudinal and reticular (oblique) bone, then laminar
bone with the slowest growth rate. Our results agree with this, our faster growing control
group had a lower laminar index than the slower growing restricted group. Our results
support the hypothesis that growth rate is linked with canal orientation, and specifically
that there is a connection between radial canals and faster growing bone. While the
restricted group had a higher longitudinal index, the mean difference between the groups
was slight, only 2.75/5.35% in the humerus and femur respectively. The mean difference
between the bones was much greater at 9.69/12.29% in the control and restricted groups
respectively, with the longitudinal index significantly higher in the humerus than the
femur. de Margerie et al. (2002) set 50% as the value of the laminar index required for
calling a bone laminar’ and none of our bones met that value, although that value was for
measurements from traditional histological sections, an approach which tends to
overestimate the laminar index (Pratt et al., 2018). We found a significantly higher
laminar index in the humerus than in the femur for our groups, supporting the functional
loading hypothesis. These results conflict with the results found in our previous study
(Pratt et al., 2018), where we found that the femur had a higher laminar index than the
humerus. In that study we measured orientation indices in a broad “comparative” sample
of medium-large sized wild birds using the same method employed here.

A closer look at the data shows that the laminar index for the broiler groups’ humeri here
(15.64+2.98% control & 21.60+3.95% restricted) are in the same range as the laminar
indices reported for the comparative bird group (18.3+5.3%) presented in (Pratt et al.,
2018), while the laminar index for the broiler femora reported here (10.02+2.56% control
& 14.54+2.92% restricted) are lower than the comparative birds’ femora (23.2+7.5%).
As a result, the reason for the difference between the results presented here and our
previous study is likely to lie in biomechanical differences in the femur between broiler
chickens and other bird species. Carrano (1998) measured a number of biomechanical
properties in hindlimbs of birds including femur angle relative to the horizontal. They
found that chickens had the most vertical orientation of all the extant birds they sampled.
In a later study involving experimental alteration of limb posture, Carrano & Biewener
(1999) found that chickens with more horizontal femur angles experienced less torsional
force than chickens with more vertical femur angles. This suggests that the femora in our
chickens likely experience lower torsional force than the femora of the comparative bird
sample from (Pratt et al., 2018), explaining why we find different patterns in the laminar
index in this study. Broiler chickens can fly only limited distances in short bursts and the
restricted group exhibited more flying behaviour in the open pen than the control group,
likely as a consequence of the control group’s higher weight. The limited use of their wings
means they are likely to experience less torsional stress on the bones than the more
intensely flying birds in the (Pratt et al., 2018) study. Based on this, the higher laminar
index we found in the restricted group than the control group may support the functional
loading hypothesis. It could also be that the higher laminar index in the humerus than the
femur is due to a lower growth rate in the humerus. Overall our results support
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interpreting the orientation of vascular canals as responding to both growth rate and
functional loading.

We used body weight as a proxy for bone growth as measuring bone growth directly is
complex. Jepsen & Andawaris-Puri (2012) built a model of human bone apposition during
aging and found that differences in cortical thickness and diameter affected the apposition
rate of bone. In particular, through their simulation they found that slender bones needed
to have a higher periosteal apposition rate than more robust bones to maintain stiffness
during aging. This paper points out that bone growth and bone modeling are not constant
or necessarily consistent. The result is that bone growth may not be linear and/or
equivalent within each of our animal groups or bones. While this proxy is sufficient for our
analysis, further studies could add new information by measuring bone growth directly.
Potential methods to measure bone formation rate include flurochrome labeling, although
it is invasive and not always reliable (de Margerie et al., 2004); using cross-sectional bone
geometry data to produce general bone growth curves, which requires more animals; or
using longitudinal in vivo micro-CT which can measure changes in cortical diameter.

Birds go through remodeling during life, so if the orientation of secondary canals produced
after flight behaviour manifests differs from the orientation of the primary canals, that
change could be shown using a longitudinal study and might reflect changes in locomotor
behaviour or changes in growth rate in mature bone tissue. Along those lines Skedros &
Hunt (2004) measured the laminar index in turkey ulnae and found that adults had a
significantly higher laminar index than subadults. They proposed two possible
interpretations: either a link to a mechanical/functional loading change in adulthood or a
change in growth rate. Their mechanical hypothesis was based on either the primary
vascular network being linked to a prevalent strain direction and primary bone laid down
around it or the collagen fiber orientation being linked to the strain direction directly and
mediating the orientation of the vascular canal network. Their second hypothesis is based
on ontogenic changes in growth rate, following Lee et al. (2004) and Petrytyl et al. (1996)
who propose that a greater longitudinal orientation of canals in primary bone aligns with
a greater bone growth direction in that direction. They suggest that a prevalence of
longitudinal canals is a consequence of longitudinal shifting of the periosteum against the
bone surface.

Measuring laminar and other indices using histology underestimates the amount of
longitudinal canals present in a bone section. The method popularized by de Margerie et
al. (2002) uses the area of the canals to calculate the laminar index, and because most of
the area of longitudinal canals is perpendicular to the cross-section, it is consistently
underestimated. Our previous work (Pratt et al., 2018) using the same technique has
shown that using an area-based index measurement underestimated the area of
longitudinal canals by 20% and consequentially overestimate the laminar index by 7.7%
in a comparative sample of birds and bats. The conventional criteria for assigning a canal
as longitudinal is based on a measurement of how circular the cross section of the canal is
in the plane of sectioning, which relies on the assumption that canals are circular (de
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Margerie, 2002; de Boef & Larsson, 2007a). Our experience along with evidence from
micro-CT suggests that this assumption is not consistently well supported (Hennig et al.,
2015), and that osteons and canals are not always circular in cross section but are often
oval in shape.

We believe that micro-CT is the ideal method for measuring canal orientation as it
measures the complete cortical network in 3D, easily capturing data for a large proportion
of a long bone’s shaft. It does, however, have a lower resolution than histology and lab
based micro-CT systems are typically unable to visualize some histological features of
interest including canaliculi, lines of arrested growth (LAGs), and osteonal boundaries
(Cooper et al., 2011). These resolution deficiencies can be remedied with advanced nano-
CT (Peyrin et al., 2014) or phase contrast enhanced micro-CT systems (Arhatari et al.,
2011; Cooper et al., 2011; Sanchez et al., 2012; Carter et al., 2013; Andronowski, Pratt &
Cooper, 2017) that have higher resolutions better than 1-2 um but these systems are rare
and expensive.

Based on the quality of the micro-CT scans in this study we were unable to differentiate
primary canals and secondary canals. For our animals because of their short lifespan we
can assume that all the canals are from their current growth period/functional loading
regime and will be predominantly primary, but distinguishing primary from secondary
canals can be very important in longitudinal studies or studies of animals later in life.
Using higher resolution phase contrast micro-CT with resolution around or better than 1-
2 um is able to visualize osteon boundaries and distinguish these canal types (Arhatari et
al., 2011; Maggiano et al., 2016) and this level of resolution could add new information
if used in future studies. Previous research has shown that in vivo micro-CT can be used to
image cortical canals in live rats (Harrison & Cooper, 2015; Pratt et al., 2015), using phase
contrast to overcome the necessity of low dose. This technique could be used for
longitudinal experimental studies modifying the behaviour or growth rate of an animal.

4.6. Conclusion

We found a higher growth rate, a higher radial index, and a lower laminar index in the
control group than in the restricted group. These results support the hypothesis that
vascular canal orientation is connected to growth rate, with radial canals linked to faster
growth, and circumferential canals (and laminar index) linked to slower growth. We also
found a higher laminar index in the humerus than in the femur, supporting the hypothesis
that canal orientation is linked to functional loading — specifically that a high laminar index
is linked to torsional loading. Overall our results indicate a complex interplay of growth
rate and functional loading determines the predominant orientation of the cortical canal
network. Experimental studies on animal models are a useful tool for investigating cortical
bone microstructure. Further experiments should look to do longitudinal studies using in
vivo scanning to investigate the time period around the transition to adulthood. This period
often includes changes to locomotor behaviour such as the acquisition of flight in birds or
changes in growth rate due to the acquisition of adult body weight. Mechanical testing of
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specific bone sections with different canal types could also add information about potential
differences in directional bone strength.
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Chapter 5. Conclusions

5.1. Overview

Chapter 1 started the thesis with an introduction to bone and cortical microstructure, and
followed with background material on bone imaging methods including histology and
micro-CT. This chapter established the rationale for and specific goals of the thesis, and
established that micro-CT is the best method to use for imaging bone microstructure
because of the 3D nature of canal orientation.

Chapter 2 demonstrated a new method for measuring the orientation of vascular canals.
This method starts by imaging cortical bone porosity in 3D using micro-CT. It described a
series of custom written scripts used to convert the canal network morphology into a series
of line segments while preserving the shape, orientation, and length of the canal network.
Laminar, radial, and longitudinal orientation indices based on previous histological
methods are introduced and adapted for the 3D measurements. This chapter formulated
the equations for the orientation measurement script, and illustrated the use of the
technique with examples of a rat tibia and a red tailed hawk humerus. Chapter 2 was
published in Micron in 2017 (Pratt & Cooper, 2017).

Chapter 3 presented a comparative study between a diverse set of large birds and bats.
This chapter described how we used micro-CT to scan the humerus and femur of each
individual, and used the method from Chapter 2 to measure the orientation of the canal
network in the scanned bones. Compared to Chapter 1, Chapter 2 developed the
measurement method further to weight the orientation indices by the length of the line
segments. It also added a pseudo-2D orientation index measurement system we used to
compare our 3D orientation measurements with previously reported 2D histology-based
orientation measurements. In it we compared the orientation of canals between the
humerus and the femur in each group, and between the bird and bat groups in the humerus
and the femur. It found highly vascularized cortices in the birds and poorly vascularized
cortices in the bats. The results showed that birds have a significantly higher laminarity
index than bats, and counter to expectation, the birds had a significantly higher laminarity
index in the femur than in the humerus. The psueudo-2D method significantly
underestimated the longitudinal index by an average of 20% and significantly
overestimated the laminarity index by an average of 7.7%, which indicated that histology
methods are not reliable indicators of canal orientation. Overall, the results in this study
did not support the hypothesis that the bones of flight are more laminar. This study was
the first cross-sectional study to evaluate the full 3D orientation of vascular canals, and
was published in the Journal of Anatomy in 2018 (Pratt et al., 2018).

After finding no relationship between laminar index and functional loading in the different

bones of Chapter 3, Chapter 4 described our next study, where we aimed to examine the
effect of growth rate on canal orientation. In this chapter we used feed restriction to
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control the growth rate of broiler chickens separated into two groups, one with high
growth rate and one with low growth rate. Our results showed that feed restriction was
effective at controlling the growth rate, producing a fast growth group that ended up twice
the size of the slow growing group. This chapter again used micro-CT to image the
humerus and femur of each individual in each group, and used the script suite from
Chapter 3 to measure the orientation indices in each scanned bone. It found that the
humerus had higher laminar and longitudinal indices and a lower radial index than the
femur, and the fast growth group had higher radial index and lower laminar and
longitudinal indices than the slow growth group. The higher radial indices in our fast
growth group pointed to a link between radial canals and faster growth, and laminar
canals and slower growth, while the higher laminar indices in the humerus pointed to a
link between circumferential canals and torsional loading. Overall the results in this
chapter indicated that the orientation of the cortical canal network in a bone is the
consequence of a complex interaction between that bone’s growth rate and functional
loading environment.

5.2. Future Directions

Our method using micro-CT to capture 3D vascular canal orientation in cortical bone opens
up new opportunities for studies of canal orientation as a cortical bone parameter. Micro-
CT has several key advantages over histology for experimental and cross sectional studies.
It is less destructive than histology and can in some cases be completely non-destructive,
depending on the size of the bone and the type and resolution of the micro-CT system
used. A combination study of micro-CT and histology could be used to differentiate
between primary and secondary canals and compare the orientation between them.
Cortical bone scans can be performed on animal limbs that have not been processed at all,
although x-ray contrast is better in defleshed bone scans. In small animals like rats, mice,
and rabbits, micro-CT can image the cortical porosity in-vivo (Pratt et al., 2015). Scanning
in vivo opens up the possibility of longitudinal studies which can directly detect changes
in canal orientation in the same bone over time. Statistical power is inherently greater in
longitudinal studies than cross-sectional studies which means fewer animals are required
and the data produced is higher quality.

In order to further elucidate the relationships between orientation and functional loading,
and between orientation and growth rate, more studies need to be done. While some
studies have measured strains on live birds (Biewener, SWARTZ & Bertram, 1986;
Biewener & Dial, 1995; Judex, Gross & Zernicke, 1997; Main & Biewener, 2007), no
studies to date have correlated canal orientation with real strain measurements. There are
several interesting possibilities for cross-sectional or longitudinal studies on canal
orientation. Research at specific time points offers the ability to compare orientation
between different conditions. Some key time points in the life of an animal where we
would predict orientation to change are the time around acquisition of adult locomotor
behaviour and time points surrounding changes in growth rate such as growth spurts and
the time surrounding sexual maturation/puberty. In birds, the adult locomotion style is
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flight while the juveniles are terrestrial and not very active. This presents a drastic shift in
functional loading that the bones experience. If functional loading impacts the orientation
of vascular canals, we would expect canals formed after flight is achieved would have
different orientations to those formed before flying behaviour begins.

Our comparative study of birds and bats, presented in Chapter 3, followed the example of
many studies in the literature by examining flying vertebrates (Skedros & Hunt, 2004; de
Margerie et al., 2005). There are several straightforward potential avenues to expand this
research going forward.

The first is to expand the sample size to include more species and more individuals and
more bones from each examined species. Many of the species we looked at are represented
by only a single individual. This limitation was the result of the difficulty of getting access
to large collections with specimens. We attempted to overcome this limitation with
multiple species that are closely related and use similar locomotor behaviours. For
example, our sample of birds contained red-tailed hawks (Buteo jamaicensis), Rough-
legged hawk (Buteo lagopus), and Swainson’s hawk (Buteo swainsoni), which are all closely
related species from the same genus. We looked at only the humerus and femur for each
individual, which are the main and largest bones of the forelimb and hindlimb. This is
important in small animals that may be inconsistently vascularized. In general in small
animals (around and under the size of a rat) the larger bones will typically have more
canals, with smaller bones sometimes being completely avascular(de Buffrénil, Houssaye
& Bohme, 2008; Lee & Simons, 2015). Expanding the choice of bones scanned could help
strengthen the comparison between the forelimb and hindlimb. In the forelimb, the ulna
is another bone that is important in flight. In birds, the ulna is an attachment site for
secondary flight feathers and has been used in several studies which have looked at canal
orientation and generally been found to have a high laminar index (de Margerie, 2002;
Skedros & Hunt, 2004). In the hindlimb, the tibia is the next largest bone. In the hindlimb
of birds, the tibia is believed to experience mainly bending forces, and in previous
histological studies has been found to have a low laminar index (de Margerie et al., 2005).
These two bones would be the next logical targets to add for increasing the sample.

The second path to expand the research is to add more taxonomic groups. Birds and bats
are the only two extant groups of flying vertebrates, but there are extinct groups of
vertebrates that flew including most notably pterosaurs and the many extinct transitional
groups between dinosaurs and modern birds. Micro-CT is an excellent technique for
studying fossil remains as it is non-destructive, a real advantage when using fossil remains
which are rare and access to specimens is limited. In addition to adding more groups of
flying vertebrates, terrestrial and aquatic species remain unexplored. Very little is known
about the orientation of vascular canals in mammals, fish, and reptiles, with only a few
papers focused on reptiles (Lee, 2004; de Buffrénil, Houssaye & Bohme, 2008). In humans
very little research has been done since the studies by Hert (1994) and Petrtyl (1996) and
these studies were not able to fully quantify the orientation of canals. Similarly, the older
classic studies in comparative histology (Enlow & Brown, 1958; de Ricqles, 1968; 1969;
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1972,a,b; 1975; 1981) provide a lot of information on canals in a broad range of species
but rely on qualitative assessments of the orientation patterns from histology slices which
can be unreliable. Quantifying the orientation of vascular canals in 3D in these
underexplored groups, each with their own unique growth patterns and functional loading
regimes, would add valuable information to the literature.

Chapter 4 presented an experimental study in broiler chickens, using a dietary restriction
to attempt to experimentally modify the orientation of vascular canals from their naturally
occurring state. Experimental studies that modify a characteristic of an animal have great
potential to help determine how the orientation of the vascular canal network develops
and changes over time. Studies modifying behaviour, growth rate, or diet can all have an
impact on vascular canal orientation. Britz (2012) looked at the orientation of canals in
rats that had been immobilized through sciatic neurectomy and found that the intervention
had a significant effect on canal orientation. Modifications to locomotor behaviour will
likely be very effective in producing differences in canal orientation.

5.3. Conclusions

This thesis was the first to demonstrate differences in vascular canal orientation in 3D. It
showed a new method for measuring canal orientation in 3D using micro-CT and
emphasized the importance of measuring orientation in 3D to avoid unreliable
assumptions about canal geometry. It found conflicting results about a link between
functional loading and canal orientation, with no correlation in the comparative sample
and a strong correlation in the broiler chicken sample. It found a strong link between
growth rate and functional loading in the broiler chicken sample, and supported a link
between fast growth and radial index, and slow growth and laminar index. Overall the
results in this thesis demonstrate that vascular canal orientation is a parameter with links
to both loading environment and growth rate.
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