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Abstract

Artery sizes are determined by local blood flow rates, which are driven by local
oxygen demand. Arteries that pass through bone foramina, leave the foramina as size
representatives of the arteries. Therefore, measuring these foramina sizes without any
presence of soft tissue can be a way to estimate blood flow rates. This ‘foramen
technique’ can be a useful tool to estimate blood flow rates in ancient animals such as
dinosaurs. However, the absolute blood flow passing though foramina needs to be
calibrated at this stage, as the size relationship between the foramen and occupying
vessel is unclear, especially in foramina with more than one vessel. The major aim of
this thesis is to evaluate the foramen-artery size relationship, especially the
relationship between the femoral nutrient foramen and nutrient artery, to improve the
method of femoral bone blood flow estimation for further foramen studies. Chickens
are chosen as the experimental animals. Studying blood flow in birds gives us an
opportunity to get insight into blood flow rates in dinosaur bones, as birds are living
dinosaurs. The thesis chapters involve several methods to measure foramen sizes or
estimate regional bone blood flow rates. Microphotography is chosen to be the most
practical foramen measurement method compared to micro-CT and impression
material approaches. Chicken femoral bone blood flow rates estimated from infusion
of fluorescent microspheres and vascular contrast imaging give similar results.
Foramen-artery size relationships are evaluated in chicken femur bones, revealing that
the morphologies of femoral nutrient arteries and nutrient foramina can vary among
femora. The ‘foramen technique’ is used to estimate femoral bone blood flow in fossil

cursorial birds.
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Chapter One: Introduction

The cardiovascular system transports nutrients, hormones, and most importantly,
oxygen, all over the body to maintain homeostasis and satisfy metabolic demands.
Endotherms in particular require more oxygen than ectotherms. Regional blood flows
represent local energy requirements of the body (Wolff, 2008). Studying animal
regional blood flow rates can thus improve our understanding of animal physiological
processes and metabolic demands in relation to how animals interact with their
environment. There have been previous studies that investigated regional blood flow
rates through bone foramina by simply measuring foramen sizes (Allan et al., 2014;
Boyer and Harrington, 2018; Boyer and Harrington, 2019; Hu et al., 2018; Seymour
et al., 2015; Seymour et al., 2016; Seymour et al., 2012). There have been questions
about whether this recent technique is capable of accurately estimating regional blood
flow rates, as the estimated blood flows were rarely compared with measured blood
flow rates in animals. The research in this thesis was conducted to improve this
‘foramen technique’ and to explore the relationships among regional blood flow rates,
estimated foramen blood flow rates and foramen sizes. This introductory chapter
describes the general information about cardiovascular system, bone blood flow, the
foramen technique and a comparison of the techniques used in the study for
estimating bone blood flow. Additionally, this chapter outlines the specific aims of the

thesis.

The cardiovascular system of endotherms

Cardiovascular systems in animals have been studied for centuries. Before the third
century, people had no idea which direction the blood goes inside the bodies, and
some thought that the vessels contained air or blood that was continuously being
consumed and later refilled by ingested nutrients. As an ancient Greek scientist, Galen
realized that there were differences between arterial and venous blood, but he
believed that there were pores in the interventricular septum to act as the passage of
arterial and venous blood. In the early 1600s, William Harvey discovered the systemic
circulation. He realized that blood was pumped to the brain and the rest of the body
from the heart, and he also discovered the presence of one-way valves in veins (Aird,
2011). Harvey’s work nearly 400 years ago began the study of blood flow and a

completely new chapter of physiology.



The circulatory system is continuously responsible for transporting materials such as
oxygen, hormones and nutrients throughout the body. As endotherms, both mammals
and birds require large amounts of energy to maintain their body temperature and
organ functions. In order to distribute oxygen efficiently, they both have a four-
chambered heart to separate pulmonary and systemic circulation. Birds are more
active than mammals, and they require more oxygen during flight. Their
cardiovascular system thus evolved to match their high oxygen demand. For example,
the heart mass of birds is about two times heavier than mammals of similar body
mass, although heart mass among species in different environments is variable (Pees
and Krautwald-Junghanns, 2009). Heart mass of Pekin ducks rapidly increases during
a short period of time between external pipping to the first hour after hatching (Sirsat
et al., 2016). In addition, birds have higher cardiac outputs and stroke volumes than
mammals (Pees and Krautwald-Junghanns, 2009). The rapid oxygen transportation
and energy distribution of birds are benefited by their smaller cardiac muscle fibres
(Pees and Krautwald-Junghanns, 2009). These examples show that studying the
structure and function of animal cardiovascular systems reveals how behaviour,
metabolic rate and oxygen demands are dynamically related to blood flow rate and

vessel dimensions.

Correlations among metabolic rate, blood flow rate and vessel size

Despite a century of research on the morphology of the circulatory trees, even today
the relationships among arterial size, blood flow rate and metabolic rate of the
supplied tissues remain obscure. There were many studies focusing on modelling the
structures of the circulatory trees, and the models are based on a theory that a space-
filling network should minimize energy cost to transport oxygen (Brummer et al.,
2017; Hunt and Savage, 2016; Huo and Kassab, 2012; Huo and Kassab, 2016;
Kassab, 2006; Newberry et al., 2015). One well-known theoretical model is called
Murray’s Law, which suggests the cube of the radius of a parent artery equals the sum
of the cubes of the radii of two child arteries (Murray, 1926). Another similar
empirical relationship named daVinci’s rule originated even earlier in the 1600s, and
it suggested that the square of the radius of a parent artery equals the sum of the
squares of the radii of two child arteries (Richter, 1970). Although these models were
proposed to investigate the morphologies of artery trees, they do not consider the

correlations among metabolic rates, blood flow rates and vessel sizes. This is
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important, because the structure of the circulatory system has often been considered to
determine metabolic rate (Newberry et al., 2015). However, we believe the opposite,
namely that the metabolic rate determines the artery size. It is clear that oxygen
demands (i.e. metabolism) of local tissues determine local blood flow rates (Wolff
2008), and a number of studies demonstrate that the changes of blood flow rate result
in the changes of artery sizes. For example, external carotid artery diameter decreased
by 21% within two weeks of carotid ligation in rabbits (Langille and O'Donnell,
1986). Juvenile rats with flow-restricted carotid arteries developed smaller arteries
compared to the controls (Guyton and Hartley, 1985). On the contrary, increasing
blood flow rates result in increasing vessel sizes. For example, increasing flow rate by
constructing an arteriovenous fistula (AVF) resulted in increased artery sizes in
rabbits (Tronc et al., 2000). A collateral artery increased in size to bypass a stenotic
artery and to adapt the elevated blood flow rate (Semenza, 2007). Overall, artery size
change is determined by blood flow change, which is the result of change in

metabolic demand.

Different mechanisms are involved in blood vessel remodelling. The way an artery
forms and remodels involves three processes including vasculogenesis, angiogenesis
and arteriogenesis (Carmeliet, 2003). VVasculogensis refers to blood vessel formation
in embryos, and it occurs by differentiating angioblasts from mesoderm and a de novo
formation of blood vessel (Risau and Flamme, 1995). Angiogensis refers to new
blood vessel formation from existing blood vessels, and arteriogenesis refers to a
change in artery lumen diameter and wall thickness in response to a change in blood
flow rate (Heil et al., 2006). Both angiogenesis and arteriogensis occur as a result of
increased local metabolism in growing organs (Heil et al., 2006). The change of blood
flow changes the mechanical forces that the blood acting on the vessel inner walls. As
blood flows through a vessel, it creates a tangential force called shear stress, and
blood pressure creates a perpendicular force called circumferential stretch to the
vessel wall (Jones et al., 2006). The mechanical forces created by blood flow demand
determine blood vessel structure and maintain physiological functions of the arteries
(Lu and Kassab, 2011). Wall shear stress increases after blood flow rate increases, and
the artery increases size in order to bring the wall shear stress value back to the

baseline value (Tronc et al., 2000; Tronc et al., 1996). An elevated blood flow triggers



endothelium cells to produce nitric oxide, metalloproteinases (MMPs) and angiogenic
cytokines such as vascular endothelial growth factor (VEGF), which triggers vascular

remodelling (Lehoux et al., 2002).

Bone blood flow

As living organs, bones also require constant blood supply, and they are constantly
absorbed and renewed throughout a lifetime. Generally, about 10% of bone material is
remodelled annually (Cohen, 2006). Bones are fully vascularized. Apart from the
major blood vessels in the bone marrow, cortical bones also contain millions of blood
vessels. Clopton Havers in 1691 first discovered small canals on cortical bones, which
were later well described as the “Haversian canals”. And in 1754, Albinus discovered
that these canals contain blood vessels that supply the bone tissue (Brookes and
Revell, 1998). Generally, the main physiological processes in bones can be
osteogenesis, bone modelling and Haversian remodelling, and all processes require
rich blood supply. Two main types of cells are responsible for bone tissue change
processes. Osteoclast cells absorb bone matrix while osteoblast cells lay down new
bone tissue (Rucci, 2008).

Osteogenesis only occurs during early life stage when bones are formed. Embryonic
tissues are replaced by bone tissue during bone formation. Bone modelling changes
bone size and shape to adapt loading change by adding or removing bone tissue on
existing bone surfaces (Currey, 2002; Lieberman et al., 2003). When bones undergo
the modelling process, osteoclasts and osteoblasts target different locations on
endosteal or periosteal surfaces (Currey, 2002). Bone modelling and Haversian
remodelling occur throughout the entire lifetime, but modelling mainly occurs before
maturity (Kobayashi et al., 2003; Lieberman et al., 2003). Bones undergo Haversian
remodelling to repair microfractures that occur on bones due to daily activity
(Lieberman et al., 2003). Apart from these three major bone physiological processes,
there is another process that is worth mentioning in bones of birds: calcium
homeostasis. Birds lay eggs to reproduce, therefore they need to export extra calcium
to form eggshell. Using domestic chickens as an example, in order to maintain
calcium balance in bones, about 20 — 40 % of the eggshell calcium passes through
bone for daily egg production (Bar, 2009). The calcium loss in bones can be regained

the next day when layers consume calcium from their diet. The intense calcium
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turnover in birds is benefited by a special bone type called medullary bone, which can
only be found in birds and crocodiles (Whitehead, 2004). Medullary bone can be
absorbed and renewed rapidly, as it is able to metabolize at a higher rate than cortical
bone (Hurwitz, 1965).

Regional oxygen demand determines local blood flow rate in bone as it does in other
tissues (Wolff, 2008). Using the femur bone as an example, microfractures occur in
the bone as it experiences loading and dynamic stresses during locomotion. Bone
remodelling intensity increases as bone micro-damage increases. Femur bone
metabolism and bone blood flow increase from rest to exercise (Heinonen et al.,
2013). In contrast, blood flow rapidly decreases if loading is removed from the hind
limb (Colleran et al., 2000). If we can measure bone blood flow, we are able to
correlate it with local bone metabolism in association with the physiological processes

described above.

Foramen technique: blood flow estimation from foramen sizes

There have been many techniques developed to measure regional bone blood flow.
Seymour et al. (2012) was the first to use foramina in bones to estimate regional blood
flow rates that pass through the foramina. This recent technique involves an
assumption that the foramen size is proportional to the occupying vessel size, which is
driven by the required blood flow rate. A larger foramen size represents a larger
occupying blood vessel in relation to a higher blood flow rate. There have been
studies that estimated blood flow rates through femoral nutrient foramina and carotid
foramina in numerous species. By measuring femoral nutrient foramen sizes in
relation to body mass in adult mammalian, avian and reptilian species, the blood flow
index, derived from nutrient foramen size, scaled with body size in parallel with
maximal aerobic metabolic rate during treadmill exercise (Allan et al., 2014; Seymour
et al., 2012). The relationship between maximum metabolic rates and femoral nutrient
foramina size was tested on house mice artificially selected for greater voluntary
running activity which developed relatively larger foramen sizes than normal house
mice (Schwartz et al., 2018). Likewise, when applying the foramen technique to
carotid foramina, relatively larger carotid foramen sizes are associated with higher
internal carotid artery blood flow rates, which are determined by higher metabolic

demands of the brains (Boyer and Harrington, 2018; Boyer and Harrington, 2019;
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Seymour et al., 2015; Seymour et al., 2016). Higher demand for blood during rapid
growth in juvenile mammals was demonstrated by Hu et al. (2018), who found that
young kangaroos require higher blood flow to supply femur growth as they have
massively larger nutrient foramen sizes than adult diprotodont marsupials with similar

body mass.

All above-described results are valid if three assumptions are true. Firstly, foramen
size is proportional to the occupying vessel size. Secondly, the size relationship
between the foramen and the occupying vessel remains constant among species.
Thirdly, the size relationship between the foramen and the occupying vessel is
remains constant ontogenetically. To test these assumptions, both vessel and foramen
sizes are required. The major advantage of the foramen technique is that it only
requires measurement of foramen sizes without working on living specimens, or even
without blood vessels. However, the size relationship between the occupying vessel
and the foramen needs to be further investigated. Without knowing this size
relationship, the foramen size can only produce relative blood flow indices rather than

absolute blood flow rates.

Blood flow rate (O, cm®s™) can be estimated from artery lumen radius (ri, cm) using
theoretical and empirical approaches. There were two theoretical equations involved
in the previous foramen studies. One is a blood flow index equation (Qi = ro %/L)
(Seymour et al., 2012), where Qi is the blood flow index (arbitrary units presumed
proportional to flow rate), ro is foramen radius (cm) and L is femur length (cm). This
equation is derived from the Poiseuille-Hagen equation (Q = n4Pr; #/841), which
calculates absolute blood flow rate (Q) based on blood pressure difference (AP; dyn
cm?) between two points along a vessel with certain length (I; cm), vessel lumen
radius (ri; cm) and blood viscosity (i7; dyn s cm™). AP and # are assumed independent
of body mass. Another theoretical approach is through Poiseuille’s “shear stress
equation”: O = (znri®)/(4 i), where 7 (dyn cm™) is wall shear stress and # is blood
viscosity (dyn s cm) (Lehoux and Tedgui, 2003). Blood flow index equation can
only estimate relative blood flow rate, whereas the shear stress equation can estimate
absolute blood flow rates if vessel size, shear stress and viscosity values are known.

Recently, an empirical equation (log O =—0.20 (log ri) 2 +1.91 log ri +1.82) was



determined by comparing simultaneously measured artery lumen radii and blood flow
rates in 22 named arteries in nine mammalian species (Seymour et al., 2019b). This
empirical equation can estimate blood flow rates based only on vessel radius, and it
can also apply to the foramen studies with known vessel lumen-foramen size
relationship. Among these 22 named arteries, another equation (O = 155 ri#%)
describes the relationships between lumen radius and blood flow rate for cephalic
arteries only. Figure 1 shows a comparison of three equations. Black data points on
the graph represent actual lumen radius and blood flow data of the 22 named arteries
(Seymour et al., 2019b). If shear stress is constant in all arteries, the blood flow index
(Poiseuille-Hagen equation) and shear stress equations are allometrically equivalent.
In this case, the empirical equations can better represent the lumen size-blood flow
relationship than the shear stress equation. Wall shear stress seems to decrease with
body mass in named arteries (Greve et al., 2006; Seymour et al., 2019b; Weinberg and
Ethier, 2007), and the relationship is well determined in internal carotid internal carotid artery
(Seymour et al., 2015) and the vertebral artery (Boyer and Harrington, 2018; Boyer and
Harrington, 2019). The relationship remains unclear in smaller arteries. The shear stress

equation may also capable of well describing the lumen size-blood flow relationship with

known wall shear stress in varied sized arteries.
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flow from artery lumen radius. Data points represent artery lumen radii coupled
with blood flow rates in 22 named arteries varying in radius from 3.65 um to 1.12 cm

in nine mammalian species.

Foramen size measurement methods

A range of methods including direct size measurements using calipers or rulers,
microphotography, digital camera, digital microscope and micro-Computerized
Tomographic (micro-CT) scanning, have been used to measure foramen sizes in
previous foramen studies. Microphotography, digital camera and digital microscopes
all use optical instruments to measure sizes. Micro-CT scanning uses X-rays to detect
materials with different densities. Different methods have specific advantages such as
ease of use or high resolution, and disadvantages such as being time consuming or
expensive. Moreover, methodological errors exist among the various methods. Back
in the 20th century, a study measured human skull foramen sizes using both digital
calipers and CT scanning, and the researchers observed a good correlation between
the two methods, if the foramen opening was at a right angle to the scanline (Berlis et
al., 1992). However, the resolution of this study was very low (1000 pm), and they
measured foramen openings only on the bone surface. Cross-sectional area along a
foramen passage is not constant, and the smallest cross-sectional area is probably
better correlated with the vessel size than the area of the opening. Therefore, a better
understanding of the anatomy of foramina is needed to further explore whether
microphotographic and micro-CT methods can provide comparable data on foramen

size.

The foramen technique attracts more and more attention in the field of comparative
physiology, as it can be a useful tool to investigate blood flow in fossil bones without
preservation of any soft tissues. If we can measure bone blood flow of ancient
animals, we might be able to solve questions such as whether extinct dinosaurs were
ectotherms or endotherms, or what their metabolic rates might have been. Future
studies involving the foramen technique will require a relatively simple method that
can accurately measure foramen size. Apart from using different imaging methods,
the approaches to define foramen radius also vary among studies. Foramen cross-

sections are often not circular, and previous foramen studies either used foramen area



or foramen minor diameter to calculate foramen radius. However, blood flow
estimated from foramen sizes is very sensitive to radius, as the two theoretical
equations involved in the calculations of the previous foramen studies both have large
exponents (3 or 4) on the radius factor (Seymour et al., 2015; Seymour et al., 2012). A

standardized approach to measure foramen radii is thus required.

Other blood flow measurement methods

Although the foramen technique seems capable of estimating regional blood flow
rates through bones, the estimated blood flow from the foramen sizes have not been
validated with absolute blood flow rates, except for the work on carotid foramina in
humans, rats and mice (Seymour et al., 2015). Few studies have measured animal
femoral bone blood flow rates (Anetzberger et al., 2004a; Barbee et al., 1992,
Boelkins et al., 1973; Brubaker and Mueller, 1971) and none have related blood flow
to the nutrient foramen sizes. If the foramen technique needs to be validated for
femoral bone blood flow, other techniques used for estimating absolute blood flow

rates are required.

Apart from the foramen technique, there have been many other techniques and
approaches created and developed to measure or estimate regional blood flow rates.
One of the most commonly used is a microsphere infusion technique, which requires
injection of microspheres into the animal’s left ventricle or atrium from which they
are distributed throughout the body and lodge in tissues. The number of recovered
microspheres in a region indicates the blood flow proportion in this region
(Anetzberger and Birkenmaier, 2016). Absolute blood flow can be calculated using
the microsphere technigue by withdrawing blood from the animal at a known rate
during microsphere injection. The withdrawal rate and captured microspheres can be
used to calculate the blood flow rates to other regions (Anetzberger and Birkenmaier,
2016). Another method is vascular contrast imaging, which requires infusion of
contrast media into the animal’s vascular system. Vascular beds can then be
visualized once the blood vessels with contrast media are CT scanned. If the imaging
is done when arteries are filled under physiological pressures, it is then possible to
estimate flow rates from arterial lumen size with the empirical equation that relates

lumen size and absolute blood flow rate (Seymour et al., 2019b). Using both vascular



contrast imaging and microsphere infusion techniques simultaneously, we can

compare and validate them.

Size relationship between femoral nutrient foramen and occupying nutrient artery
The foramen technique measures foramen sizes, which are not necessarily the same as
artery sizes, particularly if veins accompany the arteries. However, the artery sizes
might be estimated if the size relationship between the foramen and the artery is
known and constant. This size relationship is relatively simple in foramina passing
only one vessel, as the artery nearly fill the entire cross-section of the foramen, and
the relationship between wall thickness and the blood vessel lumen radius can be
obtained easily. According to the Law of Laplace, vessel wall tension is directly
proportional to vessel radius and pressure, and inversely proportional to wall
thickness (Westerhof et al., 2010). Therefore, to maintain wall tension, vessel wall
thickness increases as blood pressure or blood vessel radius increases. A previous
foramen study on human carotid foramina proposed that the ratio of wall
thickness:lumen radius was 0.4, which was estimated from only two published
records (Seymour et al., 2015). The ratio was later proposed to be 0.3 according to 14
studies (Hu et al., 2020; Seymour et al., 2020). It means the artery wall thickness is
30 % of the artery lumen radius. Assuming that the artery fully fills the foramen, the
artery lumen radius equals the foramen radius divided by 1.3. By using this ratio,
human internal carotid artery blood flow rates were estimated and compared with the

in vivo blood flow data, and the results show a high consistency of the two values.

The size relationship in foramina with more than one vessel becomes more complex.
According to the literature, a femoral nutrient foramen contains both an artery and a
vein (Singh et al., 1991). However, there is a lack of knowledge about how these two
vessels occupy the foramen. In addition, no studies have ever looked into femoral
nutrient artery sizes or femoral nutrient artery blood flow rates. Previous femoral bone
blood flow estimated from the foramen sizes only represent blood flow indices rather
than absolute blood flow rates. The blood flow indices can be related to absolute
blood flow rates, if the size relationship between the vessel and the foramen becomes

clear and consistent.
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Thesis and chapter objectives

The major aim of this thesis is to evaluate the relationship between nutrient foramen
size and blood flow rate, specifically to improve the method of femoral bone blood
flow estimation for further foramen studies. The following chapters also investigate
the relationships among femoral nutrient foramen sizes, femoral nutrient artery sizes
and femoral bone blood flows in domestic chickens. Chickens are chosen as the
experimental animals, as they are common laboratory animals, they are large enough
for cardiovascular surgery, and few studies have considered blood flow rates in birds.
More importantly, studying bone blood flow in chickens gives us an opportunity to
get insight into the role of bones as calcium reserves for eggshell formation. It also

leads to estimation of blood flow rates in dinosaur bones, as birds are living dinosaurs.

Chapter two: Detailed description and comparison of three foramen measurement
methods, including microphotography, micro-computerized tomographic scanning
and impression material approach. This chapter investigates the specific benefits and
limitations of each method, using femoral nutrient foramina and carotid foramina in
Western grey kangaroos (Macropus fuliginosus), carotid foramina in humans and
artificial foramina drilled in long bone. In addition, a sensitivity analysis is conducted
to investigate how the estimated blood flow from foramen sizes relates to shear stress,
vessel size and blood viscosity.

Chapter three: Absolute blood flow estimated using a fluorescent microsphere method
in femoral bone of three chicken groups including non-laying hens, laying hens and
roosters with similar body mass. Blood flow distribution and rates are compared
among three chicken groups in relation to differences in gender and age. The absolute
rates of blood flow in the femoral bone of chickens are compared with values
estimated from the foramen sizes, to get insight into the relationship between the two,
and this is later used for estimating absolute perfusion rate of femoral bone in other

cursorial birds.

Chapter four: Sizes and morphologies of femoral nutrient foramina and nutrient
arteries in chickens. Vascular contrast medium is infused into chicken vascular
systems and imaged using a micro-CT scanner. Another three chicken groups

including non-laying hens, laying hens and roosters are used. Absolute nutrient artery
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blood flow rates are estimated from nutrient artery lumen sizes and compared with the
blood flow rates estimated from the fluorescent microsphere method. Micro-CT
images of nutrient foramina and artery lumina, along with histological sectioning of
nutrient foramen passages containing vessels, provide information about foramen

morphologies and artery size and location inside a foramen.

Chapter five: Femoral bone blood flow in extant and extinct cursorial birds

To investigate femoral bone blood flow in extinct cursorial birds, and to examine
whether the ‘foramen technique’ can be applied to fossil bones, femoral nutrient
foramen sizes of 19 extinct cursorial birds were measured. To compare femoral bone
blood flow values between extant and extinct cursorial birds, the estimated femoral
bone blood flow indices of these extinct birds were combined with values of eight
extinct cursorial birds reported by a previous study (Allan et al., 2014) and compared

to 13 extinct cursorial bird species.
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2.1. Abstract

Some blood vessels enter bones through foramina, leaving the size of the foramen as a
gauge for estimating the rate of blood flow and hence the metabolic rate of the
supplied tissues. Foramen dimensions have been measured using varied methods in
previous foramen studies, to relate regional blood flows with associated physiological
processes. With the increasing interests in this ‘foramen technique’, standard methods
with minimized measurement errors are therefore required. This study provides
details of microphotographic and micro-computerized tomographic methods, and
introduces a new alternative method, which uses impression material to measure
foramen dimensions. The three methods are compared and the results indicate that all
of them are capable of obtaining precise and accurate foramen dimension values,
although they all have limitations. A microphotograph of the external opening is
suggested to be the standard method because of its ease of use, but the alternative
methods provide more detailed information on foramen shape. If the foramen is
mainly occupied by one artery, blood flow rates can be estimated from foramen size
and artery wall-lumen ratio, which is evaluated from the literature survey in this
study. If veins or nerves also penetrate the foramen, a relative index of blood flow rate

is nevertheless possible for comparative purposes
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2.2. Introduction

Generally, the metabolic rate of an organ determines its oxygen requirement and
perfusion rate (Wolff, 2008). Therefore, studying regional blood flow helps
investigate an organ’s metabolism with associated physiological processes. Some
blood vessels pass through holes in bones to supply tissues on the other side or the
bones themselves. The opening is called a foramen (window) and the passage is called
a canal by some anatomists, but here we call the whole passage a foramen for
simplicity. A technique to estimate regional blood flow relies upon measurement of
foramen sizes to estimate the amount of blood flow passing across that foramen,
because foramen size correlates with blood vessel size, which is related to the blood
flow rate (Seymour et al., 2015; Seymour et al., 2019b; Seymour et al., 2012). This
‘foramen technique’ has been successfully applied to estimate animal femoral bone
perfusion via femoral nutrient foramina, and brain perfusion via carotid foramina. The
results indicated that femoral bone blood flow in adult mammals and reptiles may
associate with bone remodelling and thus matches the maximum metabolic rate
during locomotion of the animal, providing a way to assess metabolic and locomotor
status of extinct dinosaurs (Seymour et al., 2012). This hypothesis was further
supported by a following foramen study, which discovered that femoral bone blood
flow in cursorial birds is two times higher than in quadruped mammals of similar
body mass (Allan et al., 2014). High aerobic capacity house mice, which were
artificially bred, have larger nutrient foramen cross-sectional areas than the normal
house mice (Schwartz et al., 2018). Ontogenetically, femoral nutrient foramina
appeared to be larger in developing kangaroos than in adult diprotodont marsupials of
similar body mass, which indicates extraordinarily high rates of blood flow during
bone growth (Hu et al., 2018). Blood flow through the carotid foramina can illustrate
the evolution of brain perfusion among primates (Boyer and Harrington, 2018; Boyer
and Harrington, 2019; Boyer et al., 2016; Seymour et al., 2015), fossil hominins
(Seymour et al., 2016; Seymour et al., 2017) and humans during ontogenetic growth
(Harrington et al., 2019).

There are two types of bone foramina that pass vessels. Type | foramina may pass a
combination of arteries, veins and nerves, and Type Il foramina pass essentially only
one artery. For example, femoral nutrient foramina pass both a nutrient artery and a

vein (Singh et al., 1991), but the carotid canal in the skull mainly passes the internal
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carotid artery with negligibly sized arterial vessels, venous plexus and sympathetic
nerves (Overbeeke et al., 1991; Paullus et al., 1977). Two blood flow calculation

equations have been involved to estimate blood flow through foramina.

In foramina that pass more than just an artery (Type 1), a blood flow index equation
can be applied to estimate relative blood flow in femoral nutrient foramina (Seymour
etal., 2012):

Qi=ro L (1)

where Qi is the blood flow index (arbitrary units), ro is foramen radius (cm) and L is

femur length (cm).

Equation (1) is derived from the Poiseuille-Hagen equation (Q = n4Pri #/841), which
calculates absolute blood flow rate (Q; cm?® s) based on blood pressure difference
(4P; dyn cm?) between two points along a vessel with certain length (I; cm), vessel
lumen radius (ri; cm) and blood viscosity (i7; dyn s cm™). The pressure drop across a
certain blood vessel length is practically impossible to measure. In addition, there are
no studies on size relationships between the femoral nutrient foramina and the
occupying vessels. However, any linear measurement of geometrically similar shapes,
scales with mass or volume to the 0.33 power. Equation 1 thus assumes femur length
and foramen radius to be substitutes for vessel length and vessel radius (Allan et al.,
2014; Seymour et al., 2012). Furthermore, blood pressure and blood viscosity are
independent of body mass in adult terrestrial species, except for very large animals
(White and Seymour, 2014; Windberger et al., 2003), therefore these two parameters

are not included in Eq. 1.

In cases where an artery passes through a foramen alone (Type I1), a derivation of
Poiseuille’s Law, called the shear stress equation, has been used to calculate absolute

internal carotid artery perfusion:

O = nrdldy @)
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where Q is absolute blood flow rate, ri is vessel internal radius, 7 is wall shear stress
(dyn cm), and # is blood viscosity. The latter is often considered to be a constant in
the arterial system (Glagov et al., 1988; Ku, 1997). However, it appears that wall
shear stress in named arteries decreases with body mass (Greve et al., 2006; Seymour
et al., 2019b; Weinberg and Ethier, 2007). Good estimates of the relationship between
wall shear stress and body mass have been determined for the internal carotid artery
(Seymour et al., 2015) and the vertebral artery (Boyer and Harrington, 2018; Boyer
and Harrington, 2019), which permit calculation of brain perfusion.

A new empirical approach to measuring absolute blood flow rate (Q) in relation to
artery lumen radius (ri) is based on recent imaging studies of flow in 20 named
arteries in nine mammalian species (Seymour et al., 2019b). One equation describes

flow rate in all 92 arteries with ri between 0.00037 and 1.12 cm:

log O =-0.20 log ri® + 1.91 log r; +1.82 (3)

Another describes flow in 57 data for cephalic arteries only:

O =155 ri** (4)
These equations are useful because they do not involve adherence to theory or
knowledge of wall shear stress, but are comparable to results calculated from Eg. (2)
(Seymour et al., 2019b).

Equations (2)—(4) apply to type Il foramina and result in absolute blood flow rate if
the relationship between artery radius and wall thickness is known. Because blood
pressures are nearly the same in major arteries, the ratio of wall thickness and lumen
radius is nearly constant, according to the Law of Laplace, and larger arteries
consequently have proportionately thicker walls (Wolinsky and Glagov, 1967).
Previously, vessel wall thickness of internal carotid artery was estimated from only
two studies (Orsi et al., 2006; Skilton et al., 2011), which was a weakness (Seymour
et al., 2015). Better information on wall thickness is necessary, so this study collects

meta-data from 14 investigations to evaluate the wall-lumen ratio.

Blood flow values calculated from the equations are very sensitive to radius because

of the large exponents, so accurate foramen radius measurement is required. Previous
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foramen studies measured foramen dimensions using different methods, including
calipers, digital cameras or microscopic photography, and computerized tomographic
(CT) imaging. This study also introduces an alternative method, which uses dental
impression material to mold and measure the foramen dimensions. Different methods
applied to different types of bone specimens have various methodological errors and
limitations. In addition, two approaches were used to calculate foramen radius. Either
foramen minor diameter or foramen area has been used to calculate a single value of
foramen radius. To achieve consistency and comparability between studies, and to
provide recommendations for future work by functional morphologists with access to
limited equipment, this study compares the results from different methods applied to
the same specimens and indicates the advantages and disadvantages of each approach.
In addition, a sensitivity analysis is performed to illustrate the impacts of different

factors in shear stress equation on calculated blood flow.

2.3. Foramen measurement methods

Three methods can be applied to measure foramen dimensions under different
situations (summary shown in supplementary material Figure S1). The
microphotographic method is best suited to measure foramina on dry bones. We
describe the microphotographic method as taking photos of foramina using any
optical instruments such as stereomicroscopes, digital cameras and digital
microscopes. The micro-CT method is applicable to bones surrounded by wet tissues
and to complex foramen shapes. Impression casts are applied on dry bones to obtain a

physical record of the foramen.

2.3.1 Microphotography

In many cases, microphotography is the simplest, cheapest and altogether most
straightforward method for obtaining foramen dimension values. To measure foramen
areas microphotographically, we used a 5SMP digital imager (#44422, Celestron,
USA), which was attached to both a stereomicroscope (SZ40 Microscope with SZ-PT
Photo tube, Olympus, Japan) and a computer to take microphotographs of foramina.
A dual fiberoptic light (Volpi Intralux 150H, United States) was aimed into the
foramen to help investigate the foramen pathway inside the bone. We then positioned
the bone so that the foramen passage was parallel to the view of the microscope and

adjusted it to achieve the minimum cross-sectional area along the foramen.
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Magnification was increased to enlarge the image and reduce measurement errors. A
stand with a clamp is helpful for adjusting the position of long bones under the
microscope, whereas a box full of millet seed or plastic spheres may be more suitable
for adjusting positions of skulls. Three methods can be used for scale: (1) a calibrated
ocular micrometer in the microscope, (2) a reference scale in the view next to the
foramen at the same distance and (3) a separate photograph of a scale under the same
magnification and the same focal plane of the microscope. The depth of field at high
magnifications generally is very shallow. By moving the foramina or scale into this
shallow plane of focus, it is possible to ensure that the fields resolved in different
photographs are consistent. Based on the reference scale and the foramen photos,
foramen area were measured using FIJI (Open Source, www.fiji.sc) by outlining the
areas with the best-fit ellipses. A best-fit ellipse is the maximum-sized ellipse that best
describes the outline of the foramen, which is the junction between illuminated bone
and the shadow within the opening. Where the junction is uneven, the ellipse is
adjusted to match the areas between the ellipse and the shadow junction inside and
outside of the ellipse. Foramen radius is obtained from the area value by assuming the

elliptical area of a foramen opening is the area of a perfect circle.

In some cases, due to foramen positioning or large-sized specimens, a digital
microscope or even a smart phone camera can replace the stereomicroscope to take

photos of foramen dimensions with a known scale at the same distance.

2.3.1.1 Microscope depth of field determination

In many cases, a scale and a foramen cannot be placed next to each other under a
microscope. In addition, the minimum cross-sectional area is often located slightly
within the foramen passage rather than on the bone surface. Since blood flow
calculations are sensitive to radius, the focal plane of the microscope needs to be
relatively shallow to obtain reliable foramen area measurements. To determine the
depth of field of our microscope set up, a scale with known distance (e.g. 1 mm) was
placed under the microscope. Microphotographs were taken serially by moving the
stand in 1-mm increments on both sides of the focal plane of the microscope. Scale
images were subjectively classified as either ‘clear’ or ‘unclear’. Three microscope
magnifications were chosen (13.4x 20><and 80 in this study. The number of ‘clear’

photos under each magnification was used to determine the depth of field range of the
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current set up. Scale length was measured using FIJI on each ‘clear’ image and

compared with the known scale distance (i.e. 1 mm).

The shallow depth of field can ‘slice’ along the foramen outer region by changing the
distance between the lens and the foramen. Since the smallest cross-sectional area of
the foramen is usually located at a certain depth from the foramen opening, having a
deep depth of field may lead to underestimation of the foramen area. In addition, in
situations when photos of a reference scale need to be taken separately from the
foramen, a shallow depth of field is also vital for obtaining precise reference scale

length.

It is difficult to measure the depth of field of a microscope because classification of
whether an image is ‘clear’ or not is somewhat subjective. Nevertheless, we clearly
observed that depth of field becomes much shallower as the magnification increases
(Table 1), and thus increases the precision of our foramen measurements at higher
magnifications. Fuzziness of a microphotograph leads to a less precise estimate of the
scale length. Clear images taken using a high magnification microscope with a

shallow depth of field are therefore recommended (Table 1).

Table 1. Relationship between microscope magnification and depth of field. The
depth of field is a range of focus with subjectively defined boundaries. The actual
length of the scale is 1 mm.

Magnification of Depth of field Actual length of the | Measured scale
microscope (mm) scale (mm) length range
within depth of
field (mm)
13.4x 5 1 0.989-1.018
20 3 1 0.996-1.004
80x <1 1 1

2.3.1.2 Effects of viewing angle

Foramina often enter bones at an angle, and some of them curve severely inside
bones. The pathway of the foramen reflects the pathway of the occupying vessels. To
find and measure the cross-sectional area accurately, the foramen opening should be

perpendicular to the view of a microscope or a camera. Inaccurate viewing angle can
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lead to severe measurement errors. As an example, photos of a human carotid
foramen at different viewing angles under a microscope are shown in Figure 1. One
previous foramen study suggested orientating bones until a round foramen can be
viewed, in an effort to minimize measurement errors (Allan et al., 2014). However,
finding a round cross-section can introduce measurement errors, as most foramen
cross-sections have an elliptical shape. If a foramen cross-sectional area is elliptical, a
more ‘round’ foramen in the view indicates the view is not perpendicular to the
foramen passage. For example, a more ‘round’” human carotid foramen can be viewed
in photo A compared with B, even though the photos were taken of the same foramen
(Figure 1). Foramen area measured in photo A is almost half of that measured size in
photo B. Because of an oblique viewing angle, bone overhangs the foramen in image
A and alters the cross-sectional area. The smallest cross-sectional area of the same
foramen collected using the micro-CT method (photo C) illustrates that the shape of
the area is similar to the area in photo B. Therefore, the area in photo B is more
representative of the actual cross-sectional area of the foramen. Careful observation of
a foramen pathway before a photo is taken is therefore necessary to minimize

measurement errors while using the microphotographic method.

Figure 1. Microphotographs of a human carotid foramen with different viewing
angles under the microscope. (A) The foramen from an oblique viewing angle. (B)
The same foramen with view perpendicular to the opening. (C) Smallest cross-
sectional area collected by a micro-CT method of the same foramen. Scale bars: 2

mm.

Here we evaluate the errors involved in differences in changes in viewing angle and
changes in viewing distance. When a circular foramen is considered, changing the
viewing angle with respect to the foramen opening, changes both the observed
foramen area and observed foramen minor diameter on a microphotograph. Minor

diameter of the viewing area decreases as viewing angle increases, but major diameter
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does not change (Figure 2). In reality, because of perspective, distortion occurs when
observing any object from a distance in a three-dimensional space. Therefore, apart
from the viewing angle, distance between the viewing point to the centre of the
opening is another factor that affects the observed minor diameter and area. When
viewing distance approaches infinity, the observed length approaches a constant
(Figure 2). If we arbitrarily set a circular foramen to have a radius of 1 mm, the
‘observed minor diameter’ of the opening at different viewing angles and viewing
distances can be calculated based on trigonometry (Figure 2). Assuming the areas of
the foramen ‘observed’ at different angle are ellipses, the areas are calculated from the
changing minor diameter and the unchanged major diameter (2 mm) [area of an
ellipse = = (minor diameter >unchanged major diameter/4]. Viewing distance was set
to be 2-, 4-, and infinite-times of the circle radius. A sensitivity analysis was
performed to investigate the calculated minor diameter changes in relation to the
foramen area changes at viewing angle ranging from 0<to 90 < Radius of the foramen
was calculated either from the observed areas by assuming the area is a perfect circle,
or from observed minor diameters (Figure 3).
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Figure 2. Schematic diagram of distance impacts on observed opening minor
diameter. AB: Actual foramen diameter, which is the same as the unchanged major
diameter. O: Center of the opening. P1, P2 & P «»: Viewing point 1, 2 and viewing
point at an infinite distance. A1B1, A2B2> &A..B.: Observed minor diameter at Py, P>
and P viewing point, respectively. AP and B«P+ can be considered to be parallel to

OPw. o is viewing angle.
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Figure 3. Opening radius calculated from either observed ellipse area or
observed opening minor diameter at different viewing distance. P1, P2 & Pow: At
a viewing distance of 2, 4 and infinite times of the opening radius, respectively. There

is little difference between the methods if viewing angle is changed < 20<

Radius calculated from the area at 10 “and 20 “with an infinite viewing distance is
0.99 and 0.97 mm, respectively. At the same viewing angles, radius calculated from
the minor diameter is 0.98 and 0.94 mm, respectively. In practice, the foramen
opening is required to be perpendicular to the view (i.e. viewing angle = 09. A
viewing angle larger than 20°should be avoided. With or without considering impacts
of viewing distance, variation in radius calculated from the area is smaller than the
variations calculated from the minor diameter (Figure 3). This is not surprising,
because the ellipse area is calculated from two diameters and the major diameter does
not vary with the viewing angle. The effects of viewing distance on calculated radii
seem to be small if the distance is more than four times the opening radius (Figure 3).
In reality, the viewing distance is always set to be much greater than four times the
opening radius because the whole opening cannot appear in the view if the viewing
point is too close to the foramen centre. Therefore, the viewing distance is considered

to have negligible impacts on calculated foramen radii in practice.
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Most views of the opening show somewhat elliptical shapes, which change apparent
dimensions depending on the orientation of the view and the distance of the camera.
In practice, we suggest setting the viewing angle carefully so that the aimed minimum
cross-sectional area is maximized in the view. In general, the maximum-sized
minimum cross-sectional area is also perpendicular to the view. If a dramatically
curved pathway can be observed outside of a foramen (e.g. human carotid foramen),

we suggest locating the area carefully by eye prior to taking the photo.

2.3.1.3 Effects of light angle

Lighting may have an impact on the quality of the microphotographs and thus the
accuracy of the data. Foramina do not have a sharp opening edge but often flare at the
surface, so changing the light angle may lead to change in the appearance of the
foramen area, and thus introduce errors. In theory, light angle should be kept constant
for all measurements to reduce measurement errors. However, in practice this
requirement proves almost impossible to achieve because of varied foramen and bone
shapes among samples. To investigate the impact of different light angles on
microphotographic foramen area measurements, two kangaroo femoral nutrient
foramina (foramen 1 and 2) were examined under the microscope, one at a time. Light
angle was varied from directly perpendicular (0) to the foramen to directly parallel to
it (909. Microphotographs were taken each time by moving the light angle at 10
intervals (Figure 4). Foramen areas were measured using FI1JI by replacing the areas
with the best-fit ellipses (Figure 5). Each foramen area image was measured six times
at a different light angle. The relationship between foramen area and light angle was
then plotted onto a graph. Mean area of the six replicates and 95% confident intervals
(C1) were plotted on the graph using PRISM 6.0 statistical software (GraphPad
Software, La Jolla, CA, USA).

26



Microscope

Light angle 20° 0°
40°

60°

80°

Foramen

Figure 4. Schematic diagram of the light angle experiment. Microphotographs

were taken at 10 <intervals.

Foramen 1
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Foramen 2
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Figure 5. Microphotographs of foramen A and B at 20< 40< 60<and 80<light
angle. The white ellipses are best-fit ellipses with minor and major diameters. All
microphotographs have the same scale. Scale bar: 0.5 mm.
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Because of the overexposure and underexposure, area measurements are invalid for
the foramen 2 microphotographs with light angles of 10< 80<and 90< Mean and 95%
ClI of six measurement replicates at each light angle are shown in Figure 6A.
Variations remain relatively minimal under different light angles. However, when the
light angle approaches 0<or 90< the microphotographs become either overexposed or
underexposed. Thus light angle is recommended to range between 30<and 70< where
the data are constant. Although the area of the shadow differs at different light angle,
the foramen edge can still be determined at the approximate same locations. The
relationship of mean area calculated from the six replicates on light angle ranging
from 30<°to 70<is plotted in Figure 6B. The 95% CI for the relationship indicates that
the measured foramen areas remain similar regardless of the light angle because the
slopes for both foramina are not significantly different from 0 (Foramen 1: F1,3 =
2.41, P =0.22; foramen 2: F1,3 = 1.19, P = 0.35). In practice, it is best to become
familiar with the structure of the foramen and arrange the lighting in a consistent
manner such that the images reveal a clear contrast between illuminated bone and the

shadow.
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Figure 6. Relationship between light angle and measured foramen area using a
microphotographic set up. (A) Mean and 95% confidence bands of six measurement
replicates at each light angle. (B) Relationship between foramen areas averaged from
six measurements and light angles ranging between 30<and 70< The 95% confidence
bands for the regressions indicate that the slopes are not significantly different from

zero, and thus there is no significant effect of light angle between these limits.

2.3.2 Micro-CT scanning

When working on wet bone specimens within tissues, it is impossible to measure
foramen dimensions via microphotography. Computerized tomographic (CT) scanners
use energy (X-rays) to detect materials with different densities. Micro-CT can provide
slice-by-slice high resolution images of a sample without disturbing the sample. To
obtain foramen size measurements in this study, bone samples were scanned using a
micro-CT scanner (in our case, SkyScan-1076 or -1276, SkyScan-Bruker, Kontich,

Belgium). Polystyrene foam and tape were used to immobilize bones on the scanning
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bed. If fresh bones with wet tissue attached were used, plastic wrap was used to
prevent the specimen from drying out during the scan. Generally, the higher the
resolution of a micro-CT image, the more precise the foramen size values that can be
obtained. In reality the resolution chosen often depends on a balance of specimen size,
desired image quality and scanning time required. Pixel size is recommended to be <
10% of foramen radius. A pilot study can be done to assess micro-CT image quality
and determine the associated time required. In most cases, the whole bone sample
with its foramina can be scanned completely in one scan. In circumstances when bone
morphology data are required but the resolution does not need to be as high as
necessary to image the foramen, it is feasible to perform a scan of the foramen
separately from the rest of the specimen. In situations where bones are too large to fit
in the scanner and when it is permissible to damage bone samples, a section

containing the foramen can be excised from the bone and scanned separately.

After scanning, the raw topographic projection CT imagery data (TIFF file) collected
from the micro-CT scanner was reconstructed to cross-sectional BMP images using
NRECON 1.6.10.4 (Bruker microCT, Kontich, Belgium). Reconstruction and
thresholding settings were optimized to maximize the image quality for each sample.
Inaccurate thresholding will lead to inaccurate foramen sizes. Volume of interests
(VOI) in DataViewer 1.5.2.4 (Bruker microCT) were used to include just the region
of a foramen and to obtain a series of foramen cross-sectional images. Since a VOI is
cuboidshaped, more than one VOI was drawn for saving cross-sections of a curved
foramen. Each VOI should be drawn as parallel as possible to the foramen passage
(Figure 7). The series of foramen cross-sectional images were then analysed using

F1J1, and radii (r, mm) of the foramina were then calculated.
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Figure 7. Two foramen virtual casts from CT scans. The left is a straight and the
right is a curved foramen. The rectangles represent side view of volumes of interest
along the foramen passages. More than one volume of interest is required for finding

the minimum cross-sectional area along a foramen.

2.3.3 Impression material casting

Dental impression material can be used on dry bone specimens and has the advantage
of allowing visualization of the foramen passage in a three-dimensional form without
damaging the bone, like the micro-CT method. Test runs need to be done to find
suitable products that can suitably produce foramen casts and do not stick to the bone.
This study recommends CharmFlex Light LV impression material (Dentkist, South
Korea) to mold foramina. Foramina should be cleaned to prevent any large particles
remaining in the molding area. After mixing two components of the impression
material, it is pressed or injected into a foramen to fill it to the walls. After the
material is set, a suitable impression material can be pulled from the foramen easily
without much deformation (Figure 8A). The time duration for the material to set
depends upon the product, the foramen shape and the foramen size. The duration
cannot be too short because the product will deform during extraction. The duration
cannot be too long, especially for the relatively large-sized and markedly curved
foramina (e.g. internal carotid foramina), because the pliability of the material will
decrease and the material has a greater chance of breaking inside the foramen during
extraction. The small cross-sectional region of the cast can be cut perpendicularly into
thin slices. Microphotographs of the slices with a known scale are used to measure

foramen areas using F1JI (Figure 8B).
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Figure 8. Photographs of the impression material casting method. (A) Pulling out
of impression material from a human carotid foramen. (B) Cross-section of the cast

resting in millet seed under a microscope.

2.4. Arterial wall thickness

Blood flow rate in arteries that pass through type 11 foramina can be calculated
according to Eq. 2 if the relationship between foramen radius and vessel lumen radius
is known. Because the arteries largely fill type 11 foramina, the difference in radii is
the arterial wall thickness. Mean wall thickness is 30 +5% of the lumen radius, based
on wall-lumen ratios collected from 14 human studies of common carotid and internal
carotid arteries (individual studies are listed in supplementary material Table S2).
Thus artery lumen radius can be calculated by dividing the foramen radius by 1.30.
This ratio of wall thickness and artery radius is thought to be a constant, according to
the law of Laplace (Burton, 1965; Caro et al., 2012; Wolinsky and Glagov, 1967).
However, it might be slightly different in other type 1l foramina or even in other

animals’ carotid canals, but further studies are required to test this.

2.5. Comparative results and discussion

2.5.1 Comparison of microphotographic, micro-CT and impression material
casting methods

To compare the differences among microphotographic, micro-CT and impression
material casting methods, three sets of real foramina and one set of artificial foramina
were measured using these three methods. Two sets of real foramina came from

western grey kangaroos (Macropus fuliginosus) with body masses ranging from 5.8 to
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70.5 kg. One set consisted of 22 femoral nutrient foramina from 10 femur pairs, and
the other of 20 lateral vertebral foramina from 10 C1 vertebrae. The third set of real
foramina are six carotid foramina in human temporal bones from six individuals with
unknown body mass. The set of nine artificial foramina were produced by drilling
through segments of bone sourced from western grey kangaroo femora. Drill bits of
known diameters (1, 1.5 and 2 mm) were drilled through small pieces of cortical
bone, either at a right angle or at a shallow angle. The areas of these drill holes and
foramina were measured with all three methods. Vertebral foramina were not scanned
using the micro-CT method but were instead scanned using a Philips Ingenuity Core
128 scanner with lower image resolutions (pixel size ranging from 200 to 300 pm).
Data from two nutrient foramina with areas smaller than 0.4 mm? were excluded
while performing the impression material casting method because our product cannot
be injected or pressed properly into these small foramina. Minimum cross-sectional
areas (mm?) and radii (mm) were measured using F1JI. The area or radius
measurements among different methods were then plotted against each other on a
graph. A line of identity (Y = X) was drawn on the graph to show the measurement
difference between the two methods. 95% confidence intervals were plotted on the

graphs using the GraphPad Software.

The area and radius comparisons among the three methods show good concordance
and consistency (supplementary material Fig. S2-S5). The 95% CI of the area and
radius measurements among three method comparisons show slopes mostly not
significantly different from 1, except for a few comparisons (supplementary material
Table S1). The 95% CI of the slope of femoral nutrient foramen area collected
between micro-CT and dental impression material is slightly lower than 1 (0.85 +
0.13), but the 95% CI of the slope of the radius comparison between these two
methods is not significantly different from 1.0 (0.85 #0.15). The 95% CI of the
slopes of carotid foramen area and radius comparison between microphotographic and
micro-CT are slightly different from 1 (area comparison: 1.1 #0.06; radius
comparison: 1.1 +£0.06), but there is no significant difference between
microphotographic and dental impression casting methods, or between micro-CT and
dental impression casting methods. The biggest percentage difference of the carotid
foramen radius between any two methods is only about 3%. For the drill holes, the

95% CI of slope of microphotographic area on micro-CT area is slightly different
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from 1 (0.93 £0.06), whereas the 95% CI of slope of radius is not significantly
different from 1 (0.94 £0.06). In general, most measurement data lie close to the line
of identity, and the 95% CI bands are very narrow in each graph (supplementary
material Figs S2-S5, Table S1); thus it is valid to suggest the three methods are
comparable and are able to obtain similar foramen dimension values. The few
significant differences in slopes are all very close to the slope of 1, which may be due
to random measurement errors, possibly due to failure to find the same location of

cross-sectional areas along the foramen passage.

The three methods are subject to biases specific to each one. The micro-CT method is
able to observe the overall interior shape of a foramen passage and is potentially the
most accurate method. Microscopes can only observe the foramen opening and the
most external regions of the canal. The dental impression material casting method can
represent part of the internal pathway of a foramen. The micro-CT and dental
impression material casting methods can both ‘cut through’ a foramen so that a series
of foramen cross-sectional images are obtained. Since a foramen passage is usually
curved, it is impossible for all cross-sectional images to be perfectly aligned
perpendicular to the passage. The micro-CT and dental impression material
approaches tend to overestimate the foramen area slightly, as each cross-section area
is theoretically either the same or larger than the actual foramen area at the same point
along the foramen passage. In addition, some of the interior micro-CT cross-sectional
areas observed in this study are neither elliptical nor circular due to extra groove
structures present on the interior of the foramen passage (Figure 9). Thus, measuring
the entire areas on the inside of a foramen using micro-CT or impression material
methods may also lead to overestimation of the area. Foramen minimum cross-
sectional areas often occur inside the foramen rather than on the bone surface. We
initially believed that the microphotographic method would tend to overestimate the
foramen areas compared with the other two methods, but our results reveal that the
microphotographic method is more likely to underestimate the foramen area. The
major reason is the difficulty in aligning a view down into a foramen passage if the
foramen is obstructed by overhanging bone protuberances (refer to section on Effects
of viewing angle). The microphotographic method generally does not measure areas
at the bone surface because foramina flare at the surface and do not have a definite

edge; however, light penetrates the foramen and creates a shadow where the flare
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narrows. Additionally, some bone samples in this study have grease on the bone
surface and inside the foramina as a result of the maceration process used to prepare
the specimens. Other dried specimens have remains of the lining of the canal and the
vessels. These substances have relatively light density compared with bone and thus
seem to be more of less radiolucent and hence are hardly visualized on a micro-CT
image. The presence of grease or dried tissue lining the foramen results in
underestimation of the foramen area with microscopic or impression materials. With

all the limitations considered, there are systematic errors among the three methods.

Figure 9. Cross-section micro-CT images of kangaroo femoral nutrient
foramina. (A) A foramen with a groove has a larger area than the best-fit ellipse. (B)

A round foramen with a close-fitting ellipse. Scale bars: 0.5 mm.

Fortunately, there are three means to minimize and correct the systematic errors. First,
foramina should be properly cleaned prior to area measurement to avoid
underestimating the foramen area in microphotographs or from impression material
casts. Degreasing foramina can be simply done by carefully cleaning the foramina
using plastic toothpicks and toothbrushes. Tools made of hard materials such as
metals should be avoided during the cleaning process to prevent damaging the
foramina. Secondly, foramen passages need to be carefully adjusted perpendicular to
the view. Our study observed that most foramen passages do not enter bones at a right
angle. It is important to find the right viewing angle so that the camera looks directly

into the foramen, rather than simply at the surface of the foramen. Thirdly, to
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maintain measurement consistency among the three methods, the foramen area is best

determined by measuring the area of a foramen using the best-fit ellipse.

2.5.2 Foramen radius calculated from foramen diameter or area

The blood flow calculation equations for determining blood flow depend upon a value
of radius (r) rather than a value of area. Previous foramen studies calculated foramen
radius from either minor diameter (Allan et al., 2014; Seymour et al., 2012) or
foramen area converted to a circle (Hu et al., 2018; Seymour et al., 2015; Seymour et
al., 2016). These two approaches produce the same radius only if the foramen is
circular. However, in reality, perfect circular foramina are rare, even for the type Il
foramina with circular artery cross-sections due to the high blood pressure inside. In
addition, the size relationship between a type | foramen cross-section with an artery
has not been studied, so the location and the area percentage of an artery inside a
foramen is not clear. There are remaining questions that need to be solved in the
future for this foramen type. For instance, is the size of an artery proportional to the
size of a type | foramen that both an artery and a vein pass through? How does cross-
sectional area of the vein affect the shape of the foramen? Future studies are required
to investigate the detailed anatomy before improving the foramen blood flow
estimation method. At this stage, since we have not enough information about the size
relationships between foramina and arteries, foramen morphology values including
minor diameter, major diameter and area are recommended to be recorded for each
specimen. Fitting the best-fit ellipse into a foramen can directly provide all these
values in FIJI. Until more is known, the relative blood flow index Qi can be
calculated (Eqg. 1) from type I foramina for comparative purposes.

The foramen pathway is more straightforward inside a type 11 foramen such as the
carotid canal because it mainly passes the internal carotid artery. However, the cross-
section of the foramen often changes shape, size and even angle in bone. To
investigate the effects of these changes, we examined cross-sectional area shape and
size change along six human carotid canals by creating 3D canal models in AVIZO
9.0.0 (FEI SAS, Hillsboro, OR, USA). Cross-sectional areas were obtained using
DataViewer at five locations along each carotid canal (Figure 10). The areas were
measured by fitting the best-fit ellipses using FIJI. Radii were measured from the area

value by assuming the elliptical area of a foramen opening is the area of a perfect
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circle. Minor diameter, major diameter and circularity (4mnx (area/perimeter?)) of the
ellipse at each location were recorded. The area is more circular as the circularity
approaches 1 and less as it approaches 0. Among these six 3D models, five carotid
canals bend into almost 90 <after they run into the skull for approximately 1 cm. One
carotid canal in this study has an approximate 140 “bend, which is much larger than
the maximum internal carotid artery angle (110 at the bend reported by
Vijaywargiya et al. (2017). The five locations with associated area, radius and
circularity show some variability (Figure 11). Generally, the external region of the
canals has larger and more circular cross-sectional areas compared with the areas at
the bend, and the areas become larger and more circular again as the foramina run

towards the foramen lacerum.

External opening

Figure 10. Five cross-sectional area locations of a virtual cast of a human carotid
canal. Cross-sectional area #1 is at the foramen external opening; #2 is parallel to 1 at
the bend; #3 is at the mid-section of the bend; #4 is perpendicular to the back section

of the canal at the bend; #5 is parallel to 4 at the internal end for the carotid canal (i.e.

the foramen lacerum).
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a foramen opening is the area of a perfect circle. Six colours represent six carotid

canals.
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The circularity of the foramina in some canals dropped to approximately 0.95 at the
bend (Figure 11C), which results in a 1.45-times longer major foramen diameter than
minor diameter. However, with this decreasing circularity, the radii calculated from
the foramen areas remain similar among the five locations along the canals (Figure
11B). But if the radii are estimated from minor diameters instead, the variations
increase and both the foramen and artery size may be severely underestimated. The
internal carotid artery is firmly enclosed by the canal at the entrance, but it does not
completely fill the internal end of the canal because the artery appeared to be ‘loose’
in this region (Overbeeke et al., 1991; Vijaywargiya et al., 2017). With the current
knowledge about human internal carotid artery and the canal, the optimal foramen
area to measure is at the vertical section of the canal. In this study, all three foramen
measurement methods were intended to find the smallest crosssectional area along a
foramen passage because of two reasons. One reason is that the smallest area may be
more representative of the artery size. The second reason is to standardize three
methods, as it is difficult to locate the same cross-sectional area using different
methods. The smallest cross-sectional areas of human carotid canals obtained from
micro-CT and dental impression material casting methods are often found at the
region between locations 2 and 3. With the microphotographic method this region can

also be observed by adjusting the temporal bone position under the microscope.

2.5.3 Sensitivity analysis of different parameters in the shear stress equation
Once foramen radius and wall thickness are quantified for a type Il foramen, blood
flow rate can be estimated absolutely from internal arterial radius with the shear stress
equation (Eg. 2) or empirical equations (Eqgs 3, 4). A sensitivity analysis of Eq. 2 was
conducted to investigate the impacts of four parameters (i.e. vessel wall thickness,
vessel lumen radius, shear stress and blood viscosity), using human internal carotid
artery as an example. Standard parameter conditions are used as a starting point.
Blood viscosity is considered to be 0.04 dyn s cm (Amin and Sirs, 1985; Schmid-
Schonbein et al., 1969). Mean human internal carotid artery lumen radius (0.24 cm)
and estimated wall shear stress (16.1 dyn cm) values were averaged from 13 studies
in the literature (Seymour et al., 2019b). Human internal carotid artery wall thickness
(0.086 cm) is averaged from 10 internal carotid artery or carotid foramen studies
(Table S2). Based on these values, and assuming the carotid foramen size is constant,

the blood flow rate in one internal carotid artery is 4.3 cm? s%, which is considered to

39



be 100% on a graph to show the sensitivity of flow rate in relation to each of the
factors in the shear stress equation (Figure 12). One at a time, the four parameters
were changed within a range between 50 and 150% while the other parameters were
held constant. In reality, the ranges of the three parameters are much narrower than
50-150%. Therefore, values from the literature were used to evaluate the real

variation within the different parameters.
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Figure 12. Sensitivity analysis of lumen radius, viscosity, shear stress and wall
thickness on calculated blood flow rate based on the shear stress equation (Eq.
2). The intersection of the four lines at 100% is the average human internal carotid
perfusion rate of 4.3 cm® s%. The curves represent changes in only one factor in the
equation at a time, keeping all other factors constant. The solid lines represent the
variability in the literature, bound by values at the upper and lower limits of the 95%
ClI of the published means. The dashed lines are extensions beyond these limits. The
grey shaded area represents +£20% change of calculated blood flow; the literature data
produce blood flow rates within this range.
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Blood flow rate is directly proportional to shear stress, inversely proportional to blood
viscosity and proportional to radius cubed (Eq. 2). Among the three parameters,
radius has the largest impact on the calculated blood flow shown by the steepest slope
(Figure 12). Lumen radius data collected from 13 studies of human internal carotid
artery reveal a mean of 0.24 cm (Seymour et al., 2019b). The 95% CI ranges from
0.22 to 0.25 cm, which can increase blood flow rate by 20% or decrease it by 18%
(Figure 12). Human internal carotid artery wall thickness averages 0.086 cm, with a
95% CI ranging from 0.069 to 0.10 cm (Table S2), resulting in 19% more or 17% less
calculated blood flow. Blood viscosity variation is narrow at high shear rate (Amin
and Sirs, 1985), suggesting blood viscosity remains constant in major arteries.
However, Windberger et al. (2003) recorded whole blood viscosity at high shear rates
in 10 mammalian species, revealing a mean of 0.05 dyn s cm with 95% CI of =
0.004 dyn s cm™. This can result in a change of approximately +9% in calculated
blood flow. Measurements from 13 studies of human internal carotid arteries give a
mean shear stress of 16.1 dyn cm and a 95% CI of 3.0 dyn cm (Seymour et al.,
2019b). This variation introduces a £19% change in calculated blood flow rate.

By considering all variations within each parameter of the shear stress equation, the
calculated blood flow has a narrow variation range, with a maximum range of
approximately +20% (Figure 12). The variation of each individual parameter thus has
little impact on calculated blood flow. Although the variations can be combined and
the impacts can add up, the current knowledge on blood flow cannot further improve

the precision of the measurements.

In summary, microphotographic, micro-CT and dental impression material casting
methods can obtain foramen size values that are relatively accurate, as no significant
differences in foramen area and radius measurements were found among these three
methods. Although micro-CT has the fewest disadvantages of the methods, it has a
higher cost and involves a greater investment of time. More importantly, the micro-
CT method may not be readily available in many situations. Similar to the micro-CT
method, dental impression material can mold the foramen and it is relatively cheap
and easy to use. Although it can be very useful tool in some situations, risks exist, as
it may break inside foramina, stick in gaps between bones or fail to enter small

foramina. The microphotographic method is thus recommended in general to measure
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foramen sizes due to its lack of contact, high speed and low expense. However,
measurement errors can be easily introduced if participants are not familiar with the
technique. Major factors including depth of field, viewing angle and light angle of the
microphotographic set-up need to be considered prior to taking photos. In situations
where foramen openings cannot be properly viewed using the microphotographic

method, the micro-CT method or impression material are alternative solutions.
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2.7. Supplementary material
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Figure S1. Flow chart of choosing foramen dimension measurement methods.
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Figure S2. Comparisons of kangaroo nutrient foramen areas and radii measured

with the three techniques of this study.
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Vertebral foramen (kangaroos)
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measured with the three techniques of this study.
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Carotid foramen (human)
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Figure S5. Comparisons of drill hole areas and radii measured with the three

techniques of this study.
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Table S1. Comparisons of three methods of measuring foramen area and radius.

Results from two methods are plotted against each other and ordinary least

squares regressions calculated. Mean slope £95% CI are presented. Asterisks

denote comparisons with 95% CI of slope significantly different from 1.

Area slope +95% ClI

Radius slope +95% ClI

Nutrient foramen (Kangaroo)

Microphotography vs. Micro-CT 0.9140.12 0.9240.10
Impression material vs. Micro-CT 0.8540.13* 0.85#0.15
Impression material vs. Microphotography | 0.8840.16 0.8640.17
Vertebral foramen (Kangaroo)

Microphotography vs. Micro-CT 0.924).16 0.9640.18
Impression material vs. Micro-CT 0.8640.18 0.8640.19
Impression material vs. Microphotography | 0.9140.15 0.8740.14
Carotid foramen (human)

Microphotography vs. Micro-CT 1.140.06* 1.140.06*
Impression material vs. Micro-CT 1.140.13 1.140.14
Impression material vs. Microphotography | 0.9740.13 0.9640.15
Drill hole

Microphotography vs. Micro-CT 0.9349.06* 0.9440.06
Impression material vs. Micro-CT 0.9940.05 0.9640.05
Impression material vs. Microphotography | 1.0630.07 1.0240.08
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Table S2. Studies involving measurements of radius and wall thickness of internal

carotid arteries (ICA), common carotid arteries (CCA) or carotid canals (CC).

Wall Wall-
Outer radius | Lumen radius | thickness lumen
Study Method Artery/canal | (mm) (mm) (mm) ratio (%)
Sommer et al. 2009 In Vitro ICA 3.17 2.56 0.61 24
Watase et al. 2018 MRI ICA 4.30 3.40 0.90 26
Saam et al. 2009 MRI ICA 3.98 3.33 0.64 19
Cibis et al. 2016 MRI ICA 4.52 3.23 1.29 40
Qiao et al. 2016 MRI ICA 4.82 3.81 1.01 26
Somesh et al. 2014 Caliper ccC 3.60 2.39° 1.21 51
Calgtner et al. 1997 Caliper ccC 2.79 2.39° 0.40 17
Naidoo et al. 2017 Caliper CcC 3.23 2.392 0.84 35
Berlis et al. 1992 Caliper cC 3.38 2.39° 0.99 41
Aoun et al. 2013 Caliper CcC 3.10 2.392 0.71 30
Saba et al. 2013 MDCTA CCA 4,55 3.29° 1.26 38
Saba et al. 2008 MDCTA CCA 411 3.29° 0.82 25
Saba et al. 2010 MDCTA CCA 4.20 3.29° 0.91 28
Boussel et al. 2007 MRI CCA 3.91 3.24 0.67 21

aMean internal carotid artery lumen radius averaged from 13 studies (Seymour et al. 2019)

bMean common carotid artery lumen radius averaged from 6 studies (Seymour et al. 2019)

Methods:

In Vitro: Blood vessels removed from cadavers and measured in vitro photogrammetrically

Caliper: Carotid canal of skulls measured using calipers

MRI: Magnetic resonance imaging

MDCTA: Multidetector Computed Tomographic Angiography
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3.1. Abstract

Regional blood flow rates reflect local tissue oxygen requirements. Femoral bone
blood flow rates estimated from femoral nutrient foramina in vertebrates may be
associated with bone metabolism. In this study, a fluorescent microsphere infusion
technique was used to investigate regional femoral bone blood flow in young non-
laying hens, laying hens and roosters. Overall, mean cardiac output of anaesthetised
chickens was 338 +38 ml min™* kg, and the two femora received 0.63 +0.10 % of
this. Laying hens had higher bone-mass-specific femoral blood flow rates (0.23 £0.09
ml min"t g ) than the non-laying hens (0.12 +0.06 ml min"* g*) and roosters (0.14 +
0.04 ml mint g%), presumably associated with bone calcium mobilization during
eggshell production. Based on mean perfusion rate, the estimated metabolic rate of
femoral bone was 0.019 ml O, mint g%. Absolute rates of blood flow to the femoral
bone in this study were not significantly correlated with nutrient foramen sizes in
chickens. Including our data, femoral bone blood flow rates in cursorial birds scale
with body mass to the 0.90 +0.29 power, which is not significantly different from

maximum metabolic rate of running birds.
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3.2. Introduction

Physiological processes such as regional bone blood flow are poorly studied and
understood in birds, compared to mammals. As living organs, bones continuously
undergo processes that result in a change in bone mass, which are vital for bone
health. Bones are fully vascularized. In addition to the major blood vessels in the bone
marrow, cortical bone also contains millions of blood vessels. Bone mass change
processes such as modelling (growth) and remodelling (repair) are all supported by
the blood supply. Two main types of cells are responsible for bone tissue change
processes. Osteoclast cells absorb bone matrix while osteoblast cells lay down new
bone tissue (Rucci, 2008). Apart from cortical and trabecular bones, birds develop
medullary bone, particularly in leg bones, to act as a labile calcium source for
eggshell formation around the onset of sexual maturity (Whitehead, 2004).
Commercial layer chickens require a lot of calcium for intense egg production, and
about 10% of their total body calcium is cycled into the shell of every egg produced
(Bar, 2009). Blood carries calcium as well as oxygen, hormones and nutrients to
bones to satisfy varied metabolic demands. Studying regional blood flow rates
improves the understanding of physiological processes that occur in different organs,
because the oxygen demands of an organ determines the blood supplies to it (Wolff,
2008). Studying chicken femoral bone blood flow can thus provide insight into
chicken femur metabolic demand associated with their physiological processes.

Measuring regional perfusion is challenging, but techniques such as Doppler
ultrasound and microsphere infusion have been developed over the last century.
Microsphere infusion has been particularly useful to quantify regional blood flow and
blood flow distribution. This technique requires injection of microspheres into left
ventricle or atrium of an animal, and it relies on a principle that the microspheres are
distributed evenly within the blood stream after the injection and lodge in the
microcirculation, because they are larger than the capillaries. The amount of
microspheres that are trapped in tissue capillaries is proportional to the regional
perfusion rates (Anetzberger and Birkenmaier, 2016). Early studies on regional
perfusion using the microsphere infusion technique only estimated relative blood
flows to different tissues, however, absolute regional blood flow rates can be
measured after the invention of the arterial reference sampling technique, which uses

a pump as an artificial organ to withdraw arterial blood with a constant, known rate
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from the same experimental animal during microsphere injection (Kaihara et al.,
1968; Makowski et al., 1968; Neutze et al., 1968).

Radioactive microspheres, which were introduced by Rudolph and Heymann in 1967
were commonly used for investigating regional blood flow rates in many
cardiovascular studies (Barbee et al., 1992; Ferrell et al., 1990; Grundnes and
Reikeras, 1991). However, since radioactive microspheres have many disadvantages
such as potential health risks, disposal issues and high cost, colored or fluorescent
microspheres were then introduced into cardiovascular research (Anetzberger and
Birkenmaier, 2016). Blood flow estimated by florescent microspheres was shown to
have similar accuracy to the blood flow measured by radioactive microspheres
(Anetzberger et al., 2004c; Chien et al., 1995; Deveci and Egginton, 1999; Glenny et
al., 1993; Van Oosterhout et al., 1995). Subsequently, fluorescent microspheres have
been successfully used in numerous studies to quantify blood flow in bones
(Anetzberger et al., 2004b; Aref et al., 2017; Serrat, 2009).

Another method to estimate regional blood flow rate is to measure the sizes of
foramina that contain blood vessels in bones. This ‘foramen technique’ relies on a
theory that the foramen sizes are proportional to the sizes of the occupying vessels.
This technique has been developed to evaluate the blood supply to femora through
nutrient foramina (Allan et al., 2014; Hu et al., 2018; Schwartz et al., 2018; Seymour
et al., 2012) and to brains through carotid foramina (Boyer and Harrington, 2018;
Boyer and Harrington, 2019; Seymour et al., 2015; Seymour et al., 2016; Seymour et
al., 2019a). Blood flow rates estimated from human carotid foramina match direct
blood flow measurements (Seymour et al., 2015), suggesting this technique can
provide accurate regional perfusion values in some cases by simply measuring the
sizes of foramina. However, no nutrient foramen studies have ever related the femoral
nutrient foramen size with absolute blood flow of femoral bone because the nutrient
artery does not completely fill the nutrient foramen. Therefore, the femoral bone
blood flow rates estimated from the previous foramen studies represent relative blood

flow indices only, rather than absolute blood flow rates.

The present study has two objectives. The first is to correlate absolute blood flow

rates through femoral nutrient foramina and blood flow index estimated from foramen
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size, by comparing the microsphere infusion technique and foramen technique. The
second objective was to evaluate femoral bone perfusion in chickens with both
techniques. Three chicken groups (i.e. non-laying hens, laying hens and roosters) with
similar ages were chosen as experimental animals as only few studies have looked
into bird femoral bone blood flow (Boelkins et al., 1973). We hypothesized that
laying hens might reveal higher rates than non-laying hens due to the role of

medullary bone in eggshell formation (Whitehead, 2004).

3.3. Methods

3.3.1 Animal preparation

Crossbreed ISA brown hens and roosters aged from 4 to 7 months old were used in
this study. Animals were obtained under Animal Ethics Committee approval (S-2017-
058). Chickens were divided into three groups: non-laying hens, laying hens and
roosters. Each group has six replicates. Chickens were kept in a constant temperature
room (25 <C) with a 16 h day and 8 h night cycle before operations. Hens that were
sexually immature and had not developed any eggs in their reproductive organs were
selected as non-laying hens, and usually they were not older than 19 weeks in our
study. Hens that laid eggs regularly were selected as laying hens. All chickens had

free access to water and calcium-rich food (layer’s pellets).

3.3.2 Microsphere standard curve

Polystyrene, green fluorescent (excitation wavelength: 450 nm; emission wavelength:
480 nm), 15 um microspheres (FluoSpheres, Thermo Fisher Scientific, Victoria,
Australia) were used for determination of absolute cardiac output and femoral bone
blood flow rate. Before using each microsphere vial for injections, six replicates of 10
| and 100 i of microsphere suspension were withdrawn from the vial using a
precision 10 A syringe (10R-RAX, P/N 002090, SGE Analytical Science Pty Ltd,
New South Wales, Australia) and a 100 A syringe (L00F-GT, P/N 005200, SGE). 10
| and 100 I microsphere suspensions were then added into vials with 3.99 ml and
19.90 ml cellosolve acetate (2-Ethoxyethyl acetate, 98%, Sigma, cat. No. 109967-1L),
respectively, in order to dissolve the microspheres and prepare standard solutions A
and B for spectroscopy. Microsphere concentrations of solution A and B were 2500

ml* and 5000 ml, respectively.
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Standard solutions were then vortexed well and placed in darkness for 2 h. To
produce fluorescence standard curves, five different volumes of solutions were
withdrawn using pipettes from each standard solution vial A or B into individual 3-ml
glass cuvettes, and cellosolve acetate was added into each cuvette to make up 3-ml
solutions for fluorescence intensity analysis. Fluorescence intensities were analysed
using a Cary Eclipse Fluorescence Spectrophotometer (Varian Australia Pty Ltd,
Victoria, Australia) with an excitation wavelength of 450 nm and a slit width of 10
nm. Volumes withdrawn from solutions A and B are summarised in table 1.
Producing microsphere fluorescence standard curves can, not only illustrate the
relationship between the microsphere concentration and fluorescence intensity in a
solution, but also test whether the relationship is linear, as a curvilinear relationship

will be present if fluorescence intensity is too high (Serrat, 2009).

Table 1. Five withdrawal solution volumes obtained from solution A and B for
producing fluorescence standard curve. The volume of added cellosolve acetate
was based on the obtained volume from either solution A or B to make up a 3 ml

solution in the cuvette for fluorescent analysis.

Volume Volume Volume of Volume of Estimated Estimated

from from added added dissolved concentration of

solution A | solution B | cellosolve cellosolve microspheres in microspheres in the

(ul) (ul) acetate (ml) acetate (ml) | the cuvette cuvette (number of
(Solution A) (Solution B) microspheres per ml)

0 0 3.00 3.00 0 0

40 20 2.96 2.98 100 33

100 50 2.90 2.95 250 83

200 100 2.80 2.90 500 167

300 150 2.70 2.85 750 250

350 175 2.65 2.825 875 292

Linear relationships were shown between fluorescent microsphere concentrations and

fluorescence intensities, as all R? values are 0.99. Six standard curves of one of the

microsphere vials are shown in Figure 1.
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Figure 1. Relationship between microsphere concentrations and fluorescence
intensities. Six lines represent six standard curves of one of the microsphere
vials. Standard relationship averaged from six replicates is: Fluorescence intensity =

3.11 xconcentration + 2.51. (a. u.: arbitrary unit).

3.3.3 Procedures

A single use 2 ml plastic syringe with a cut-off 25 ga needle was prepared for
microsphere injection. This syringe and the needle were weighed separately to 0.0001
g. A 2 ml glass syringe was filled with 1 ml heparinized saline (125 i.u. mIt) and
placed on a syringe pump (Harvard Universal Infusion Pump, Harvard Apparatus,
Holliston, Massachusetts, USA), modified to withdraw reference blood during the

microsphere injection.

Before each operation, chickens were weighed to 1 g. Chickens were anesthetized
with a combination of ketamine (40 mg kg*) and xylazine (4 mg kg?). Under
anaesthesia, they were placed on their right side and were stabilized on a dissection
table using a wooden frame with Velcro. Feathers at the left humerus (i.e. upper wing)
region were plucked to expose the skin. Skin next to the wing brachial vein was

removed. A scalpel was used to separate biceps and triceps next to the brachial vein to

58



expose the brachial artery underneath the muscles. The brachial artery was then
isolated and blocked at the proximal region with a temporary ligature. The brachial
artery was cannulated and sutured distal to the ligature and toward the heart using
heparinized clear vinyl tubing (Cat. No. SV. 31, Dural Plastics & Engineering, NSW,
AUS) (internal diameter: 0.5 mm; outer diameter: 0.8 mm) with a heparinized 25 ga

needle connected to the end.

Right after the artery cannulation, a microsphere vial was vortexed for 10 s and
sonicated for 4 min in an ultrasonic cleaner (Bransonic B-221, Branson Cleaning
Equipment Company, Shelton, USA). During the sonication, feathers on the left chest
region were plucked. The first three chest ribs were exposed by cutting into the left
pectoralis major muscle. A self-retaining Weitlaner retractor was used to open the gap
between second and third ribs to expose the pericardium. A heparinized 20 ga
Venocan Pencil style IV catheter (Cat. No. 121931, Kruuse, Denmark) was inserted
into the left ventricle and connected to a pressure transducer (P23Dc, Statham
Instruments, Hato Rey, Puerto Rico) and amplifiers (Model 79D EEG, Grass
Instruments, Quincy, Massachusetts, USA). The output of the equipment was
recorded to computer with an analog-digital converter (D1-145) and software
(WinDagq version 3.98) from DATAQ Instruments, Akron, Ohio, USA. As the
catheter needle tip reached the left ventricle, blood pressure increased, and a typical
left ventricular tracing wave was observed. Blood in the needle could be seen as
bright red. Flow in the brachial artery was then restored at the proximal region by
removing the ligature. More heparinized saline was injected into the brachial artery if
blood did not flow out to the cannulated vinyl tubing because of blood blockage. The
other end of the tubing with the 25 ga needle was then connected to the 2 ml glass
syringe on the syringe pump. Blood was continuously withdrawn from the brachial
artery from 30 s before microsphere injection until 2 min after it. The withdrawal rate
was set at either 0.28 or 0.46 ml min*, depending on the size of the chicken. These
rates were previously calibrated by weighing water drawn into the syringes in a given
time. The microsphere suspension was removed from the sonicator, vortexed for 10 s,
and 1.5 ml (~1.5 % 10° microspheres) was withdrawn into the preweighed 2 ml
syringe. The syringe was weighed again to 0.0001 g, and the needle was removed for
later weighing. The catheter needle was removed from the catheter inside the left

ventricle, and 1.5 ml microsphere suspension was slowly injected into the heart in 15
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s. The catheter was left in the heart to act as a plug. Chickens were sacrificed by
injecting excessive anesthetic into the left ventricle through the catheter. To account
for uninjected microspheres, the 2 ml plastic syringe were rinsed out with 2% Tween
80 into a 40 ml glass vial. Plastic syringes can cause microsphere loss due to
attraction of the plastic microspheres and the plastic syringe. After injection, a visible
microsphere rim can be observed on the plastic syringe wall. This number of
microsphere loss is very small compared to the total injected number. Nevertheless,
we still cut off the syringe tip with the rim and placed it into this vial. The needle with
microspheres was weighed again and placed into another 4 ml glass vial to account
for uninjected microspheres. The total injected microsphere number for each sample
equals the number in the 1.5 ml suspension minus the uninjected numbers in both the

plastic syringe and the needle.

3.3.4 Sample processing

Some of our processes referred to a recent protocol, which describes in detail a
method to measure relative bone blood supply in mice with fluorescent microspheres
(Serrat, 2009).

Reference withdrawal blood in the glass syringe was poured into a 100 ml glass
bottle. The glass syringe was rinsed three times using about 20 ml 2% Tween 80, and
all rinse liquid was poured into the 100 ml glass bottle. A further 2 ml of heparinized
saline was added into the bottle to prevent blood from clotting. These samples were

retained in the dark for fluorescence analysis.

Femora were harvested and muscles were removed. Spleen and kidneys of five laying
hens were harvested and weighed to determine organ blood flows for comparisons
with the literature. Nutrient foramen microphotographs were taken using a
microscope set up. Fiji (Open Source, www.fiji.sc) was used to measure the foramen
areas to calculate foramen radii. Methods that measure foramen size
microphotographically were described in detail elsewhere (Hu et al., 2020). Femur
lengths were measured with rulers to 1 mm. Because nutrient arteries mainly support
femur shaft regions, nutrient foramen sizes may be more related to flow to the shaft
region rather than the whole femur. Femora were therefore sectioned into three parts

(Figure 2), with two ends and one shaft, as previously illustrated (Aref et al., 2017;
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Colleran et al., 2000). We defined the lengths of the proximal and distal ends to be
25 % and 33 % of the total femur length. Bone marrow was retained in all sections.
Each bone section was weighed to 0.001g and then placed into Cal-Ex decalcifying
solution in the dark for 4-5 days, depending on the tissue size. After decalcification,
bones were rinsed three times with phosphate buffered saline (PBS) and placed into
100 ml bottles. Freshly prepared 100 ml quantities of 2M ethanolic KOH with 2%
Tween 80 was added into the bottles that contained reference withdrawal blood or
decalcified tissues for tissue digestion. The bottles were placed on a swirling shaker
(No. 436, Penetron Mark 111, Sunkay Laboratories, Inc., Tokyo, Japan) in the dark for
2-3 days, depending on the tissue size. The tissue digestion process was complete

when there were no large bone particles remaining in the bottles.

. /i

Proximal end

Shaft Distal end

Figure 2. Three sections of a femur (proximal end, shaft and distal end).

3.3.5 Tissue and blood filtration and fluorescence intensity analysis

Digested tissues and blood were filtered using a glass vacuum filtration apparatus
with glass microfiber 1.2 um filter paper (Grade 333, 47 mm DIA, Filtech, NSW,
AUS). During filtration, 2% Tween 80 was used to rinse the sample bottles three
times and at least 100 ml potassium phosphate buffer rinse solution was used for the
final rinse of the filtration unit and to adjust pH. After filtration, filter papers were
moved into 70 ml, flat bottom vials (Diameter: 44; height: 57 mm). Polyethylene
plungers were used to push the filter papers to the bottom of the vials and the plungers
remained inside the vials. The vials were placed in dark before fluorescence intensity
analysis. On the day of analysis, 12 ml cellosolve acetate was added into each vial to
dissolve the microspheres and release fluorescent dye. Vials were vortexed well and
placed in dark for 2—4 h before analysis. Three replicates of 3 ml solutions from each

sample vial were pipetted into glass cuvettes for analysis. If the fluorescence intensity
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was higher than the upper record limit of the spectrophotometer, the samples were
quantitatively diluted with cellosolve acetate in the cuvette to make up 3 ml solutions.
Uninjected microspheres in the injection syringe and needle were also dissolved and
quantified using the spectrophotometer. Injected microspheres were calculated by
subtracting the uninjected microspheres from the total number in 1.5 ml microsphere

suspension.

3.3.6 Microsphere analysis

Standard relationships between microsphere concentrations and fluorescence
intensities of each vial of microsphere suspensions were plotted on Figure 1 and linear
equations Y = ax + b were used to represent the relationships. R? was used to
determine whether the relationships were linear. Since each microsphere vial
produced six standard lines, the final standard curve of each vial had an intercept and
a slope that were averaged from the six linear equations. We used 5 microspheres
vials during the experiment and the 5 final standard curves are very similar to each
other.

A pilot study was conducted to investigate whether our experimental setups would
cause severe microsphere loss. Known numbers of microspheres were placed in
different glass vials with either Cal-Ex or 2M ethanolic KOH solutions for 2—4 days,
and the microspheres filtered and dissolved in cellosolve acetate solutions. The
number of recovered microspheres were quantified. We found that almost all
microspheres (> 95 %) can be successfully recovered. Based on the mean
fluorescence standard curve, fluorescence intensities detected in different tissue
samples and in reference withdrawal blood were converted to numbers of
microspheres. Numbers of injected microspheres for each chicken were calculated
and calibrated based on microsphere suspension density, the weight difference
between the syringe and needle with and without microspheres and uninjected
microspheres in the injection syringes and needles. Cardiac output form the left
ventricle (Ow, ml mint) of each chicken was calculated as: Ow = (Vaith > Ninj) / Nblood,
where Vuith is pump withdrawal rate (ml min), Nigj is number of injected
microspheres, and Nbiood iS the number of microspheres in the reference blood sample.
Absolute blood flows (O, ml min?) to different tissues were calculated by the

equation: O = (Vwith %Niis) / Nbiood, Where Nis is the number of microspheres recovered
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from the target tissue. Femoral bone blood flows were averaged from both left and

right femora for each individual chicken.

3.4. Statistical analysis
All error statistics refer to 95% confidence intervals (Cl) calculated in Graphpad
(Prism 6.0; GraphPad Software, La Jolla, CA, US).

Body masses of three chicken groups were compared using ANOVA, and Tukey’s
multiple comparisons test was used for comparing means between any two groups.
Mass-specific cardiac output (ml min™ kg) and tissue blood flow rates (ml min g 1)
were calculated by dividing the absolute blood flows by body mass (kg) and
individual tissue mass (g), respectively. Mass-specific cardiac output and blood flow
values are commonly used in literature. However, most biological factors scale with
body mass in non-linear ways. Body mass should be considered as a biological factor
in this study, as the chickens have a 2.5-fold body mass range. In this study, absolute
blood flow to femoral bone scales with body mass (g) has a scaling exponent of 1.3 £+
0.93. (Figure S1). Therefore, to remove the influence of body mass and produce mass-
independent data, cardiac output and blood flow values were calculated by dividing
absolute blood flow rates by body mass (kg) to the 1.3 power. ANOVA with Tukey’s
multiple comparisons test was used to test whether there are significant differences in
cardiac output and regional blood flow rates among three chicken groups. Percentages
of blood flow that supply three femur regions were calculated compared to the whole

femur. ROUT or Grubbs’ method in Graphpad was used to detect any outliers.

3.4.1 Nutrient foramen size

Femoral bone blood flow index (Qi, mm®) was previously calculated using an
equation derived from Poiseuille’s Law: Qi = r*/L, where r (mm) is the foramen
radius and L (mm) is an arbitrary length, measured as femur length (Allan et al., 2014;
Hu et al., 2018; Seymour et al., 2012). It was assumed that Qi is proportional to blood
flow rate. Qi in the femoral bone of cursorial birds scales with body mass to the 0.89
power (Allan et al., 2014). Any lengths in objects scale with their volumes (or
masses) to the 0.33 power, if the shapes of the objects are the same. Assuming that Qi
is proportional to body mass to the 0.89 power, L to the 0.33 power, foramen radius
should scale with body mass to the 0.305 power, and area to the (0.305 x 2 = 0.61).
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The raw data were thus converted to mass-independent areas (mm? kg21) and radii
(mm kg3%) for analysis. To compare foramen sizes among three groups, mass-
independent foramen areas (mm? kg %) and radii (mm kg°3%) were calculated and
compared using ANOVA. If ANOVA showed a significant difference among groups,
Tukey’s multiple comparisons test was used for comparing means between two
groups. To compare Qi between chickens and other cursorial birds interspecifically,
nutrient foramen sizes of adult chickens were required. However, some of our
chickens were not mature enough to be considered as adults, especially non-laying
hens. To compare Qi more precisely, average Qi of chickens were calculated only

from laying hens and roosters, as they could be considered as adults.

No studies have used mass-independent cardiac output or blood flow values, and we
need to compare our data with literature values. To present and compare our data
clearly, and to avoid confusion, only mass-specific cardiac output and blood flow
values are presented in the results and discussion sections. However, mass-
independent foramen size values remain in the results and discussion, as no
comparisons of the size of the nutrient foramen in chickens are available from
literature. Information on mass-independent cardiac and blood flow values are

presented in the supplementary information.

3.5. Results

Fluorescent microsphere concentrations had a linear relationship with fluorescence
intensities, as R? = 0.99 for all replicates. Fluorescence intensities of all tissues and
blood samples analysed in this study were within the fluorescence intensity range of

the standard curves presented in Figure 1.

A total of 18 chickens were used successfully for the fluorescent microsphere
experiment. Body mass of the chickens ranged from 1.1 to 2.7 kg, and the mean body
mass was 1.7 £0.22 kg. Body mass was significantly different among three groups (P
=0.0036) with non-laying hen body mass (1.2 £0.11 kg) being significantly lower
than laying hens (1.8 £0.20 kg) (P = 0.026) and roosters (2.0 +0.54 kg) (P = 0.0035).
The mean and 95% confidence intervals of body-mass-specific cardiac output of three
chicken groups was 338 +38 ml min kgt. ANOVA showed no significant

differences in mass-specific cardiac output among three groups (P = 0.90). All mass-
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specific rates of blood flow (ml min* g) were calculated by dividing the absolute
rates by individual tissue mass (g). Average spleen and kidney masses of five laying
hens were 1.8 0.4 and 10.7 £2.9 g, respectively. Data collected incidentally showed
that the spleen of laying hens received 1.6 1.0 % of cardiac output and required 5.6
+5.3 ml min! g of mass-specific blood flow. The kidneys received 4.2 +1.0 % of

cardiac output and required 2.4 +1.4 ml min g of mass-specific blood flow.

Laying hens had significantly higher mass-specific blood flows in femoral bone and
higher mass-specific blood flows in shaft bone than the non-laying hens (P = 0.024
and P = 0.0053, respectively) (Figure 3A & B). Femoral and regional femoral bone
blood flows between the non-laying hens and roosters were not significantly different
from each other (Table 1). Mass-independent cardiac output, femoral bone blood flow
and shaft blood flow rate values compared among three chicken showed results

similar to the mass-specific value comparisons (supplementary information).

One extra laying hen was measured in this study, as the femur blood flow datum of
one of the original six laying hens was identified as an extreme outlier. All of the data
analysed above did not include the outlier value. Estimated mass-specific blood flow
rates in the femoral bone of this chicken was 1.3 ml min? g*. This value is 5.7-fold
higher than the mean of 0.23 ml min g for layers (Table 1). There were no
significant differences in regional bone blood flows between both legs of this sample.
Despite the extremely high femoral bone blood flow, values of foramen sizes, femur
mass, femur length and cardiac output of this chicken were not significantly different
from other specimens. The unusual high blood flow values may have been due to
unknown experimental error, and it is very unlikely that these values are the actual

blood flow rates of a laying hen.
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Figure 3. Mass-specific blood flow rates to the entire femur (A) and to the femur

shaft (B) among non-laying hens, laying hens and roosters. Error bars represent

95% confidence interval of the means of 6 replicates. (*: P <0.05; **: P <0.01).

Table 1. Mean and 95% confidence intervals of femoral bone blood flow rates

and regional femoral bone blood flow of non-laying hens, laying hens and

roosters. Mass-specific blood flow rate is the blood flow rate per gram of the bone

tissue. All data are averaged from both left and right femora from 6 chickens.

Tissue wet Absolute blood Mass-specific Proportion of cardiac
weight (g) flow rate (ml mint) | blood flow rate output (%)
(ml mint g?)
Non-laying hens
Average femur 8.76 +0.66 1.05 +0.55 0.12 +0.06 0.26 +0.13
Femur proximal end | 2.78 +£0.25 0.38 +0.20 0.13 £0.07 0.09 £0.05
Femur shaft 2.28 £0.22 0.16 +0.08 0.07 £0.03 0.04 +0.02
Femur distal end 3.69 +0.25 0.51 +0.28 0.14 +0.07 0.13 +0.07
Laying hens
Average femur 10.07 £0.74 | 2.29 £0.93 0.23 +0.09 0.39 +0.07
Femur proximal end | 3.24 +0.29 0.70 +£0.31 0.22 +0.10 0.12 +0.03
Femur shaft 2.61 +0.24 0.47 £0.20 0.18 +0.08 0.08 +0.02
Femur distal end 4.22 +£0.33 1.11 +0.46 0.27 +£0.11 0.19 +0.04
Roosters
Average femur 13.89 £3.34 | 1.91 +0.35 0.14 +0.04 0.30 +0.06
Femur proximal end | 4.42 +1.12 0.61 +0.13 0.14 +0.04 0.10 #+0.03
Femur shaft 3.61+0.84 0.41 +0.14 0.12 +0.04 0.06 +0.01
Femur distal end 5.87 £1.47 0.90 +0.21 0.16 +0.04 0.14 +0.03
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On average, the two femora received 0.63 £0.10 % cardiac output of all chickens.
Within the average femur of six young chickens, the proximal end received 35.7 &+
1.6 %, the shaft 15.7 £2.7% and the distal end 48.6 £3.2 % of total blood flow.
Laying hens received 30.5 +4.8%, 20 .9 £3.4 % and 48.6% =%5.5%, respectively and
roosters received 31.7 £4.6%, 21.1% +5.8% and 47.1 £6.4% respectively (Figure 4).

Roosters 21.1% 47.1% |

Non-laying hens 35.7% 15.7% 48.6%
. \ _-—-__——
Laying hens 30.5% 20.9% 48.6% !

Figure 4. Distribution of fluorescent microspheres captured within femora
among non-laying hens, laying hens and roosters. The three sections from the left
to the right are femur proximal end, shaft and distal end. All data were averaged from

left and right femora of 6 replicates.

Mean foramen radius was 0.33 mm, and foramen area was 0.36 mm? in 12 adult
chickens (laying hens and roosters). Average femoral bone blood flow index of adult
chickens was 1.50 x10* mm?. Mean foramen area of non-laying hens, laying hens
and roosters was 0.36 +0.09, 0.27 +0.07 and 0.45 £+0.08 mm?, respectively. Mean
foramen radius of all three groups was 0.34 +0.04, 0.29 +0.04 and 0.38 +=0.03 mm,
respectively. Laying hens had significantly smaller nutrient foramen sizes than the
roosters (Area: P = 0.003; Radius: P = 0.003), but foramen sizes were not
significantly different between laying hens and non-laying hens (Area: P = 0.13;
Radius: P = 0.10) or between non-laying hens and roosters (Area: P = 0.16; Radius: P
=0.20). (Figure 5A & B).
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Figure 5. Nutrient foramen areas (A) and radii (B) of non-laying hens, laying
hens and roosters. Error bars represent 95% confidence interval of the means of 6
replicates. (**: P <0.01).

Laying hens had significantly smaller mass-independent areas and radii of nutrient
foramina than the non-laying hens (Area: P = 0.0058; Radius: P = 0.0039) and
roosters (Area: P = 0.014; Radius: P = 0.0081), while no significant differences in
mass-independent foramen area or radius were observed between the non-laying hens
and roosters (Figure 6A & B).
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Figure 6. Mass-independent nutrient foramen areas (A) and radii (B) of non-
laying hens, laying hens and roosters. Error bars represent 95% confidence interval
of the means of 6 replicates.
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3.6. Discussion

3.6.1 Relating nutrient foramen size with femoral bone blood flow

Despite the microsphere experiment showing that laying hens have higher blood flow
rates of femoral bone and higher blood flow rates of femur shaft than the non-laying
hens, laying hens have relatively smaller mass-independent foramen sizes than the
non-laying hens (Fig. 6). No significant differences in foramen sizes occur between
non-laying hens and roosters. We expected that the higher femoral bone blood flows
in laying hens would correlate with larger, rather than smaller foramen sizes. There is
no correlation between nutrient foramen radius and femoral bone blood flow, as the

slope is not significantly different from zero (slope = -1.17 +1.66) (Figure 7).
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Figure 7. Relationship between femoral nutrient artery radius (mm) and femoral
bone blood flow (ml mint) in 18 chickens. Femoral bone blood flow = 0.36 %
nutrient foramen radius?*7. The dotted lines represent 95% confidence interval for

regression mean. Data are plotted on logarithmic scales.

All previous foramen studies are based on an assumption that the foramen size is

proportional to the occupying artery size, which represents the amount of supplying
blood flow. The mass-independent foramen radius of laying hens is smaller than the
non-laying hens, which results in a lower estimated blood flow index (Qi). Previous
foramen studies also assumed the size ratio between the foramen and artery remains

constant interspecifically and intraspecifically. It could be possible that the size ratio
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between the foramen and occupying vessels may differ at different life stages across
growth. Moreover, the 18 chicken samples in this study cover a body mass range of
1.1-2.7 kg. This is only a 2.5-fold range and is likely the main reason why we cannot
find a correlation between the foramen sizes and femoral bone blood flow rates,
because allometric studies generally require body mass ranges of 100-fold or more.
For example, Qi of 100 species of adult birds varied over 10-fold at any given body
mass, and required a body mass range of over 10-fold to reveal a significant positive
relationship (Allan et al., 2014).

Chicken femoral bone Qi was estimated based on both laying hens and roosters, and
the mean value is 1.50 <10 mm?. Laying hens and roosters are nominally classified
as “adults” in order to estimate Q; in this study for data comparison. Non-laying hens
are excluded because of their relatively higher growth rate and larger mass-
independent foramen sizes (Figure 6). It should be pointed out that the “adults” in this
study were actually still growing, therefore the chicken Qi is higher than other species
(Figure 8).
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Figure 8. Scaling of femoral bone blood flow index (Qi, mm?) on body mass (M,
g) of 22 cursorial birds including chickens. Solid circles represent mean Q; values
of 21 cursorial bird species. Open circles present individual Q; value of 12 adult
chickens in this study, and the red triangle represents the mean Q; of these 12 data

points. The equation of the regression is Qi = 3.2 <108 M9 %02 ‘and it includes the
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single mean value for chickens (red triangle). The dotted lines represent 95%
confidence interval for regression mean. Data other than chicken are collected from
Allan et al. (2014).

The regression presented in Figure 8 includes the average mean of chicken Qj, and the
Qi exponent (0.90 +0.29) is significantly higher than zero. Average absolute blood
flow of femoral bone estimated from both laying hens and roosters is 2.1 +0.42 ml
min’t. At this stage, we only have this one femoral bone blood flow value from a
cursorial bird. However, we can use this value to predict the absolute rate of blood
flow in the femoral bone of other cursorial birds from femoral bone blood flow index
values by using a simple ratio of absolute flow rate (ml min') and Qi (mm?), the units
becoming ml min't mm3. This ratio is a constant number (13998 ml min™ mm-),
therefore the scaling of predicted absolute blood flow in the femoral bone of cursorial
bird on body mass has the same exponent of 0.90 £0.29. The scaling of absolute
blood flow in the femoral bone of cursorial bird matches their maximum metabolic
rate measured during treadmill exercise, which relates to their locomotor activity
levels (Allan et al., 2014). The absolute blood flows of cursorial birds are predicted
only based on the relationship between chicken femoral bone blood flow and femoral
bone Qi, and this prediction assumes that the conversion ratio is constant across
species. However, this relationship may not be constant interspecifically or
intraspecifically. Future studies are thus required to get insight into the blood flow and
blood flow index relationship of other bird species. If the relationship becomes clear,
it is possible to estimate absolute blood flow in the femoral bone of ancient species,

such as dinosaurs and archosaurs.

3.6.2 Chicken cardiac output

Average cardiac output of three chicken groups is 337.8 +38.0 ml min*! kg™. There
were no significant differences in mass-specific cardiac output among three chicken
groups. Cardiac output of our roosters (337.9 +39.7 ml min kg?) is significantly
higher than the 150.4 +28 ml min kg measured using radioactive microspheres in
adult roosters under local anaesthesia (Merrill et al., 1981). Cardiac output of our
laying hens (327.2 +104.7 ml min kg?) is also significantly higher than the 177 +11
ml min? kg* and the 218 ml min kg reported by Boelkins et al. (1973) and

Sapirstein and Hartman (1959) using an indicator dilution technique in adult laying
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hens. However, Boelkins et al. (1973) used two different dyes to measure cardiac
output, and the 277 +16 ml min kg measured using Evans Blue dye is not
significantly different from our value. Therefore, methodological differences may
cause a wide range of cardiac output values. Interspecifically, the scaling of cardiac
output on bird body mass is CO = 290.7M%%°, where CO is cardiac output (ml min),
and M is body mass (kg) (Grubb, 1983). Grubb’s cardiac output values were collected
by measuring arteriovenous oxygen content difference and oxygen consumption rate
(Fick Principle) under local anaesthesia. According to the equation, chicken cardiac
output is calculated to be 241.4 (ml min™ kg) using our average chicken body mass
(1.82 kg). This estimated cardiac output value is significantly lower than our
calculated cardiac output, and significantly higher than all the literature values of
laying hens described above.

It is not clear why mass-specific cardiac output was somewhat high in this study, but
it may be related to the fact that previous studies involve larger, older chickens in
which cardiac output would be expected to be lower (Grubb, 1983). Body-mass-
specific cardiac output of broilers was found to decrease as age increases from 4 to 6
weeks (Wideman, 1999). The experimental treatment may also be involved.
Anesthetics can affect animal heart rates and cardiac output, although the impacts on
birds are not fully understood. Ketamine alone can retain or increase heart rate in
birds while Xylazine alone can reduce heart rate, respiration rate and may cause
hypoxemia, hypercarbia and death in birds (Abou-Madi, 2001). Xylazine alone has
been found to reduce respiration rate in chickens (Varner et al., 2004).
Ketamine/xylazine combination has been widely used to anesthetize animals
including birds, as xylazine well relaxes muscles along with ketamine (Abou-Madi,
2001). However, the ketamine/xylazine combination still has side effects. For
example, lower doses of the combination (Ketamine: 15 mg kg*; Xylazine: 0.15 mg
kg™) can reduce heart rate of great horned owl (Raffe et al., 1993).

3.6.3 Absolute rate of blood flow in the chicken femoral bone

The percentages of blood flow to three femoral regions in chickens (Fig. 4) are similar
to the blood flow proportions in rats (Aref et al., 2017), with two ends receiving more
blood flow than the shaft. Mass-specific blood flow in the femoral bone of laying

hens is 0.23 +0.09 ml min g%, which is much lower than the 0.77 +0.09 ml min* g*
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measured using radioactive microspheres in laying hens (Boelkins et al., 1973).
Despite this difference, spleen and kidneys of our laying hens received 5.6 +5.3 ml
min g and 2.4 £1.4 ml min g*! of mass-specific blood flow, which are not
significantly different from the 4.81 #0.95 ml min™ g and 2.48 0.26 ml min* g*
reported by Boelkins et al. (1973). Mass-specific blood flow rates in the femoral bone
of non-laying hens (0.12 £0.06 ml min g*) and roosters (0.14 +£0.04 ml min g%)
are not significantly different from the 0.13-0.15 ml min g* measured in rabbit
femora using both radioactive and fluorescent microspheres (Anetzberger et al.,
2004a). Mass-specific flow rates in proximal end, shaft and distal end of rabbit
femora are approximately 0.16-0.17 ml min* g%, 0.15 ml min* g* and 0.11-0.12 ml
min™ g, respectively (Anetzberger et al., 2004a), and are not significantly different
from most of our regional femoral bone blood flow values in chickens, the shaft in

non-laying hens and the distal ends in roosters, being exceptions (Table 1).

Blood flow rates can roughly estimate metabolic rates of the supplied tissues. The
haemoglobin content of chicken blood is about 0.18 g mI! (Elagib and Ahmed, 2011).
Assuming each gram of haemoglobin carries 1.34 ml of oxygen (Bunsen coefficient),
and assuming half of oxygen is consumed by bone tissue, every milliliter of blood
then supplies (1.34 %0.18) / 2 = 0.12 ml of oxygen to the bone tissue. Mean absolute
femur bone blood flow rate is 1.75 ml min'* and femur mass is 10.9 g. Therefore, the
femur metabolic rate is estimated to be (0.12 %1.75) / 10.9 = 0.019 ml min* g*. This
about twice the metabolic rate (0.0095 ml min* g%) of adult guinea pig calvarial bone
(Schirrmacher et al., 1997), but is expected given that the chickens were measured in
vivo at body temperature and the guinea pig bone measured in vitro at room

temperature. We are unaware of any other estimates of avian bone metabolic rate.

Laying hens have significantly higher mass-specific femoral bone blood flow and
femur shaft blood flow rates than the non-laying hens. Femoral bone blood flows of
roosters are not significantly different from non-laying hens and laying hens,
suggesting gender alone does not affect femoral bone blood flow in chickens around
the onset of sexual maturity. However, egg production in laying hens may also affect
bone perfusion. The mean mass-specific blood flow rate of femoral bone is
approximately 1.9 times higher, and femur shaft blood flow rate is 2.7 times higher, in

laying hens than in non-laying hens (Fig. 3). The major cause of this blood flow
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difference may relate to calcium homeostasis. Laying hens may require extra blood
flow to transport calcium from their bone reserves to form eggshells. As hens reach
sexual maturity, osteoblasts in chicken leg bones start to form medullary bone, which
is a special bone type that exists only in birds and crocodilians, and it acts as a labile
calcium reserve for eggshell formation (Whitehead, 2004). During egg production,
calcium can be removed and regained rapidly in medullary bones. To maintain
calcium balance, laying hens need to consume a great amount of calcium from their
diet. During the daytime when chickens are active, calcium from their diet is absorbed
from intestines and used for eggshell formation and stored in bone. Almost no
calcium is left in intestines 6 to 10 h after feeding (Bar, 2009). Eggshell formation of
laying hens is high during the night, and therefore calcium is obtained from bone. The
calcium loss in bones can then be regained the next day when layers absorb calcium
from their food source (Bar, 2009). Laying hens need to use 2.2 g of calcium, which
represents about 10% of total body calcium volume, for daily egg production (Bar,
2009; Bouvarel et al., 2011). Almost all this calcium goes into eggshell, as egg yolk
only contains negligible amount of calcium (Etches, 1987). The 2.2 g eggshell
calcium mostly comes directly from the food source, but 20-40% comes from bone
(Bar, 2009). Therefore, laying hens need to export about 0.44-0.88 g calcium from
their skeleton in every laying cycle. Medullary bones are capable of being absorbed
and renewed rapidly (Bain et al., 2016), and is capable of metabolizing at a much
higher rate than the cortical bones and femur ends (Hurwitz, 1965). Therefore, most
bone-sourced eggshell calcium is from medullary bones. Hurwitz (1965) fed laying
hens using Ca**-labeled diet, and he found that calcium turnover rate of medullary
bone is about 10 times higher than cortical bones. Moreover, he discovered that about
70% calcium in femur and tibia medullary segments were renewed within a 12-day
period in laying hens. The high calcium turnover rate of medullary bone is associated
with its structure, which is very different from cortical bone. Medullary bone has a
lower mineral concentration, lower mineral crystallinity, and has thinner, shorter and
less organized mineral particles (Kerschnitzki et al., 2014; Nys and Le Roy, 2018).
Bone density and calcium content also change in pregnant and lactating human
females. For example, bone mass density decreased by about 2 % in lumbar spine
from prepregnancy to postpartum, and the decrease of bone mass density in total hip
bones during this period was about 3.6 % (Black et al., 2000). 200 mg of calcium is

delivered in the maternal milk during lactation, and the total loss of bone mass (5-
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10 %) in women may result in increased risk of bone fracture (Salles, 2016). It may be
possible to relate the change of bone blood flow to the change of bone metabolism
and bone health during pregnancy and lactation in future studies, as no studies have

investigated the relationships so far.

Femoral nutrient foramen sizes in relation to femoral bone blood flow were
previously correlated with bone growth in growing animals. Intraspecifically, growing
animals may require higher blood flow to supply their femora, as femoral nutrient
foramen sizes of in-pouch kangaroo joeys are many-fold larger than the adult
marsupial species of similar body mass (Hu et al., 2018). Long bones of younger
mammals have higher relative blood flow rates than in older ones (Nakano et al.,
1986; Pasternak et al., 1966; Whiteside et al., 1977), also revealing the long bones
require more energy during growth. All chickens in our study were still growing to
some extent, so they may have been influenced by elevated bone perfusion for
growth. Younger non-laying hens tend to have relatively larger mass-independent
foramen sizes than older laying hens (Figure 6). Although the chickens in this study
were selected to have similar age around the onset of sexual maturity, in order to
avoid bone growth differences among groups, the ages among three chicken groups
were still slightly different and were all much younger than the chickens studied
previously. Age and body mass differences still play a part in influencing the blood

flow comparisons in this study.

Femora are responsible for absorbing stresses from weight-bearing and locomotion.
The microfractures on bones caused by the stresses can be fixed by energy-driven
Haversian remodelling (Lieberman et al., 2003). Femoral bone blood flow is therefore
also related to locomotor activity levels in adult terrestrial vertebrates.
Interspecifically, terrestrial vertebrates with higher maximum metabolic rates and
higher activity levels tend to have relatively larger femoral nutrient foramen sizes
(Allan et al., 2014; Seymour et al., 2012). The femoral bone perfusion rates between
the non-laying hens and roosters are not significantly different. It probably suggests
that they have no great difference in locomotion intensity, without considering the
minor effects of calcium mobilization and growth rate differences between the two
groups. The higher perfusion rates in chicken femur ends than the shaft may relate to

higher oxygen demand in these regions. Femur ends include both metaphyses and
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epiphyses, which are supplied by a great number of arteries. Some foramina at the
ends are larger than the shaft nutrient foramen (Brookes and Revell, 1998), suggesting
long bone ends contain larger arteries and thus require higher blood flow rates. The
femur ends may require more energy for undergoing the remodelling process than the
shaft, as they locate near the joints and experience more intense stress during daily
activity. Additionally, as our chickens were still growing, and the femur ends may
have higher growth rates than the shaft, as the secondary ossification centre locates at
the ends of long bones (Brookes and Revell, 1998). The femoral bone perfusion rates
of all three chicken groups may all relate to metabolic rate of bone growth and
remodelling, and the extra cost of calcium mobilization may account for the increase

in femoral bone perfusion and metabolic rate of laying hens.

In summary, laying hens have higher mass-specific blood flow rate to femoral bone
shaft than the non-laying hens, probably associated with augmented calcium
mobilization during eggshell production. Bone growth and remodelling may have
impacts on chicken regional femoral bone flow rates. Femoral bone blood flows are
similar in non-laying hens and roosters of similar age around the onset of sexual
maturity. The current study is the first to get insight into the relationship between
absolute femoral bone flow rates and blood flow index estimated from nutrient
foramen sizes in birds. No relationship was found between blood flow rate to the
femur bone shaft and nutrient foramen sizes in hens, despite significant differences in
blood flow rate. Further research on relationships among absolute blood flow,

foramen sizes and sizes of the occupying vessels are required in the future.
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3.8. Supplementary material

Most blood flow studies present cardiac output and blood flow rates as mass-specific
values. We calculated mass-specific cardiac output and mass-specific blood flow rates
to compare our data with literature data. However, most biological factors are related
to body size in non-linear ways and are rarely proportional. Therefore mass-specific
values do not remove the correlation with body mass and they may not be very
accurate to compare biological factors among species or within species (Packard and
Boardman, 1999). Body mass of three chicken groups in this study ranges from 1.1 to
2.7 kg, which represents a 2.5-fold range in body mass. To make biological factors be
more comparable among specimens, mass-independent values were also calculated in
this study. Absolute blood flow in femoral bone scales with body mass has a scaling
exponent of 1.3 £0.93. (Figure S1). Mass-independent cardiac output and blood flow
values were calculated by dividing absolute blood flow rates by body mass to the 1.3
power. The mean and 95% confidence intervals of mass-independent cardiac output
of three chicken groups is 294.8+39.0 ml min*! kg 1. ANOVA shows no significant
differences in mass-specific (P = 0.90) and mass-independent (P = 0.48) cardiac
output among three groups. Mass-independent blood flow rates in femoral bone are
not significantly different among three chicken groups (P = 0.29), but laying hens
have significantly higher mass-independent blood flow rates in shaft bone than the
non-laying hens (P = 0.04) (Figure S2A & B).
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Figure S2. Mass-independent blood flows in femoral bone (A) and femur shaft
(B) among non-laying hens, laying hens and roosters. Error bars represent 95%
confidence interval of the means. (*: P <0.05).

Mass-independent blood flow in femoral bone of laying hens is 1.08 +0.44 ml min*

g13. The mean mass-independent blood flow in femoral bone of laying hens is
approximately 1.4 times higher than the non-laying hens, and the mean femur shaft
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blood flow is 1.8 times higher. Mass-independent blood flow rates of each femur

section among three chicken groups were calculated and summarized in Table S1.

Table S1. Average and 95% confidence intervals of mass-independent blood
flows in femoral bone and regional femoral bone of non-laying hens, laying hens

and roosters. All data are averaged from both left and right femora

Mass-independent blood
flow rate (ml min kg*?)

Non-laying hens

Average femur 0.77 £0.38

Femur proximal end | 0.28 £0.14

Femur shaft 0.12 +0.06

Femur distal end 0.38 =0.19

Laying hens

Average femur 1.08 +0.44

Femur proximal end | 0.33 £0.14

Femur shaft 0.22 +0.08

Femur distal end 0.53 +£0.24

Roosters

Average femur 0.84 +0.27

Femur proximal end | 0.27 £0.12

Femur shaft 0.18 +0.06

Femur distal end 0.39 £0.11
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4.1. Abstract

Femoral bone blood flow rates estimated from nutrient foramen sizes were previously
not absolute, but only a blood flow index (Qi), because the size relationship between
the foramen and the occupying artery is unknown. Injected contrast medium has been
used to reveal morphological structures of an animal’s vascular network. The current
study used vascular contrast and micro-computerized tomographic scanning to
investigate femoral nutrient foramen and nutrient artery sizes in three groups of
chickens (non-laying hens, laying hens and roosters). The results indicated that the
nutrient artery lumen cross-section occupies approximately 23.0 £3.8 % of the
nutrient foramen area. This ratio is about 20 £3.2 % for femora with only one
foramen. Histological embedding and sectioning along with vascular contrast imaging
were used to explore vessel locations inside nutrient foramina. Nutrient foramen
morphologies and nutrient artery locations can be very different among femora with
more than one nutrient foramen. Vascular contrast imaging is capable of estimating
blood flow rates through nutrient arteries, because blood flow rates estimated from
artery lumen casts are similar to flow rates measured by infusion of fluorescent
labelled microspheres. Laying hens tend to have higher nutrient artery perfusion rates
than the non-laying hens, probably due to extra calcium requirements for eggshell

production, although the difference was not statistically significant.
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4.2. Introduction

Mechanical forces created by blood flow demands determine blood vessel structure.
As blood flows through a vessel, it creates a tangential force called shear stress, and
blood pressure creates a perpendicular force called circumferential stretch to the
vessel wall (Jones et al., 2006). The forces acting on vessel wall control artery sizes
and maintain physiological functions of the arteries (Lu and Kassab, 2011). Blood
vessel sizes thus reflect regional blood flow rates, which are determined by oxygen
requirements of local organs (Wolff, 2008). Nutrient arteries contribute 50-70%
blood flow to the long bones (Trueta, 1963), which are responsible for absorbing
loading stresses from locomotion and for calcium balance. A nutrient artery enters a
femur shaft through a hole called the nutrient foramen, usually along with a vein
(Currey, 2002; Singh et al., 1991). Foramen sizes should correlate with blood vessel
sizes. Femoral bone blood flow is related to locomotor activity levels in mature
terrestrial vertebrates, as relatively larger nutrient foramina tend to occur in animals
with higher metabolic rates during locomotion (Allan et al., 2014; Seymour et al.,
2012). It is known that elevated stress and strain in bones during locomotion lead to
more micro-damage and enhanced remodelling (Lieberman et al., 2003; Robling et
al., 2006). Higher oxygen demands of bone cells result in higher blood flow rates,
which are associated with larger vessels and foramina. This approach of using
foramen sizes to evaluate regional blood flow rates is called the ‘foramen technique’.

If the size relationship between the foramen and the occupying artery is known, then
quantitative flow rate can be calculated from theoretical or empirical equations. For
example, flow rates in the marsupial and primate internal carotid arteries have been
estimated from foramen size, because the artery occupies the carotid foramen almost
entirely (Boyer and Harrington, 2018; Boyer and Harrington, 2019; Seymour et al.,
2015; Seymour et al., 2016; Seymour et al., 2019a). The foramen must be measured
accurately, and the arterial wall thickness must be known to estimate arterial lumen
size in foramina occupied by a single artery (Hu et al., 2020). However, the
relationship between foramen and artery lumen size becomes much more complex
when a foramen, such as the femoral nutrient foramen, also passes substantial veins.
Previous research on femoral bone nutrient foramina resulted in a semi-quantitative

blood flow index (Q;) rather than absolute blood flow rates, because the
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lumen/foramen ratio had not been determined. No studies have ever quantified how

nutrient arteries occupy the nutrient foramina of long bones.

To improve the foramen technique on femoral bone blood flows, the size relationship
between femoral nutrient arteries and nutrient foramina needs to be investigated.
Vascular contrast techniques have been commonly used for studying vascular beds
with associated tissues or organs in vertebrates. The technique requires inserting a
radiopague medium into the circulatory system, and the medium can then be detected
by X-ray without tissue corrosion (Sedlmayr and Witmer, 2002). We used high
resolution micro-computerized tomographic (Micro-CT) imaging to measure the
relationship between nutrient foramen size and nutrient artery lumen size. To observe
vessel locations inside a nutrient foramen, histological tissue embedding and
sectioning were also used. Non-laying hens, laying hens and roosters of similar age
were selected for examining the relationships among femoral bone blood flows,
nutrient artery and nutrient foramen sizes. Commercial chickens were selected as
experimental animals because bone blood flow rates of birds are poorly studied
compared to mammals. Additionally, birds lay eggs to reproduce, so extra calcium is
exported partly from the bones into eggshell during reproduction periods. Calcium
turnover in commercial layers is much more intense to satisfy intense egg production.
Birds develop medullary bones to act as a labile calcium source for eggshell
production, and femora contain medullary bone (Whitehead, 2004). The foramen-
artery size relationship in chickens may relate sizes to femoral bone blood flow rates
associated with these physiological processes. We hypothesized that femoral nutrient
foramen sizes correlate with nutrient artery sizes, which reflect nutrient artery blood

flow rates and metabolic demands.

4.3. Methods

4.3.1 Vascular contrast imaging

Three groups of crossbreed ISA brown chickens (non-laying hens, laying hens and
roosters) with age ranging from 4-7 months were obtained under Animal Ethics
Committee approval (S-2017-058). Each group contained six chickens, which were
kept in a constant temperature room at 25 <C before operations. The room was set to
have a 16-h day time and 8-h night time cycle. All chickens had free access to food

and water.
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4.3.1.1 Surgical operation

Chickens were prepared for whole-body infusion of contrast medium under
physiological pressure. They were first anaesthetized with a combination of ketamine
(40 mg kg™) and xylazine (4 mg kg*) through intramuscular injection. On average,
about 1 ml of the anaesthetic mixture was injected into each chicken. After 20 min,
toe-pinch was performed by applying pressure on toes to check whether chickens
responded. If they still responded, another 0.2 ml of the anaesthetic mixture was
administered. Chickens were then placed on a dissection table on their right side. The
left wing was spread and stabilized by grasping the radius and ulna. Feathers on the
inside of the wing were plucked, and a scalpel was used to cut the skin open next to
the brachial vein near the humerus. The vein was isolated gently from the muscle
using a pair of surgical scissors and college tweezers. A heparinized 20 ga Venocan
Pencil style IV catheter (Cat. No. 121931, Kruuse, Denmark) was inserted into the
brachial vein towards the heart. When venous blood slowly flowed into the needle
chamber, the catheter was further inserted into the brachial vein, and the needle was
pulled out from the catheter, leaving the catheter inside the vein. To heparinize blood
of the entire vasculature, 2 ml heparinized saline (125 i.u. mIt) was injected into the
brachial vein though the catheter. Two minutes after the injection, chickens were
euthanased by injecting excessive anaesthetic into the brachial vein. The catheter was
then removed, and both sides of the brachial vein next to the injection point were
sutured, in order to prevent any liquid from leaking out from the injection point

during the following procedures.

Feathers were removed at the left chest region. A scalpel and a pair of surgical
scissors were used to cut into the chest skin and muscles to expose the first three ribs.
The cut was as small as possible to reduce any blood vessel damage. A self-retaining
Weitlaner retractor was used to open the gap between the second and third ribs to
expose the pericardium, which was removed using both a haemostat and a scalpel. A
pair of microscissors was used to cut a small hole through the myocardium into the
left ventricle. A clear vinyl tube (internal diameter: 1.4 mm; external diameter: 1.9
mm) was inserted into the left ventricle and was stabilized to the myocardium using
cyanomethacrylate glue. The other end of the tube was connected to a needle. The
chicken was then gently placed on its left side. The same procedure was performed on

the right side to expose the heart. Tweezers were used to tear the right atrium open to
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release blood and perfusate. Thus the whole body vasculature was perfused via the
tubing into the left ventricle with saline from a reservoir bottle positioned at a vertical
distance of 2.03 m above the chicken to produce approximately average systemic
arterial blood pressure of 150 mm Hg. As chickens grow up, their blood pressure
becomes stable at about 140 mm Hg when they reach 10 weeks old (Koike and
Nomura, 1966). Adult roosters generally have a higher blood pressure than hens
(Sturkie, 1986). Since all experimental chickens in this study were at the stage around
sexual maturity, and there was not much difference in body mass between them, mean
blood pressure of all chickens was assumed to be about 150 mm Hg in this study. The
blood-flushing process lasted for about 15-20 min until little blood remained in the

saline solution draining out from the right atrium.

4.3.1.2 Vascular contrast medium injection

BriteVu (Scarlet Imaging, Murray, Utah, United States) was selected as the contrast
medium in this study. Right after the blood-flushing process, chicken legs were
harvested by cutting across the ilium using a pair of secateurs. The femoral head and
ilium remained intact and connected. During pilot studies, we observed that the
chicken femoral nutrient arteries branch from the ischiatic arteries. Because the
nutrient artery lumen cross sections were too small (less than 0.1 mm?) to observe and
cannulate, BriteVu was instead perfused into the ischiatic arteries near the femoral
head (Figure 1). A scalpel was used to cut carefully into the muscles near the femoral
head to expose ischiatic nerve, ischiatic vein and ischiatic artery. The ischiatic artery
was isolated and cannulated using a pair of college tweezers, and a clear vinyl tubing
(internal diameter: 0.5 mm; external diameter: 0.9 mm) with a 25 ga needle
connecting to the end. A drop of cyanomethacrylate glue was applied at the joint to
stabilize the tubing. Because the femoral nutrient arteries are much smaller than the
ischiatic arteries, BriteVu sometimes bypassed the nutrient arteries and caused
experimental failures. To compensate for this problem, we exposed and ligated the

downstream ischiatic artery near the knee (Figure 1).
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Ischiatic artery

Needle tip with tubing

Figure 1. Schematic diagram of an ischiatic artery cannulation. Red crosses

represent ligations with suture.

After cannulation, the leg was placed into a plastic bag, which was put into a warm
water bath prior to BriteVu perfusion. One part of BriteVu, 3 parts of water and 1.5 %
BriteVu enhancer (Scarlet Imaging, Murray, Utah, United States) were mixed
continuously in a glass beaker with a stirring bar and a thermometer on a

magnetic stirrer hotplate, heated to 70-80 <C. The mixture was kept at 70-80 <C for
10 min before infusing into the ischiatic artery via the needle and tubing under
physiological pressure, using a reservoir bottle at a vertical distance of 1.87 m (i.e.
150 mm Hg) above the heart of the animal. Brite\Vu was perfused into the artery
continuously until it cooled down and no more could be perfused into the leg. The leg
was then placed back into the plastic bag in an ice bucket and placed into a
refrigerator to speed up BriteVu solidification prior to micro-CT scanning.

In total, 27 legs from 6 non-laying hens, 6 laying hens and 7 roosters were
successfully perfused with BriteVu under physiological pressure. Among these
chicken samples, one leg of 2 non-laying hens and 2 laying hens was perfused with
BriteVu manually under hand pressure via the ascending aorta, to explore blood

vessel distribution surrounding a femur. One leg of an extra non-laying hen and a
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rooster was also perfused with BriteVVu manually under hand pressure. Therefore, 6

legs were infused with BriteVu by hand pressure in total.

4.3.1.3 Micro-CT scanning

Micro-CT scanning was used to measure both nutrient foramen sizes and nutrient
arteries infused with BriteVu. Chicken femora with tissues were separated from the
tibia and wrapped in plastic wrap. Tape was used to stabilize femora onto the CT
scanner bed (Skyscan 1276, Bruker microCT, Kontich, Belgium). Since femora can
have more than one nutrient foramen, femur shafts were first scanned using a lower
resolution (20 pm) to observe foramen numbers and locations. Each nutrient foramen
was then scanned using a higher resolution (10 pm). After scanning, NRecon 1.6.10.4
(Bruker microCT) was used for image reconstruction. The scanning parameters and
reconstructing settings are shown in Table 1. Foramen areas and radii were collected
and measured using both DataViewer 1.5.2.4 (Bruker microCT) and Fiji
(www.fiji.sc). Methods to measure foramen size are well described in detail in Hu et
al. (2020) (i.e. Chapter 2). Nutrient artery cross-sectional areas filled with BriteVu
were measured separately from the foramina as sometimes the artery pathways do not

perfectly align with the foramen pathways.

Table 1: Scan parameters and reconstruction settings of Skyscan-1276 scanner

and NRecon for chicken femur shafts and femur foramina.

Scan Image Source Source Exposure | Filter Rotation | Frame
parameters pixel size | voltage | current (ms) Step (9 | Averaging

(m) (kV) (LA)
Femur shafts | 20.5 95 200 715 Al+Cu* | 0.4 OFF
Nutrient 10.3 95 200 715 Al+Cu* | 0.2 OFF
foramina
Reconstruction | Smoothing | Ring Beam- Contrast
settings artifacts | hardening | limits

reduction | correction
2 10 30 % 0-0.04

* Aluminium-Copper filter
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4.3.2 Histology study

4.3.2.1 Femur shaft sectioning

Another three laying hens were used for histological sectioning of the femoral nutrient
foramen. The same surgical operation procedures were performed on these chickens.
Right after blood flushing under physiological pressure for 15-20 min, 10 % formalin
was perfused for 15 min via the left ventricle into chicken circulatory system from a
reservoir bottle at a different vertical distance of 1.87 meters (i.e. 150 mm Hg) above
the heart of the animal. All procedures involving fixative were performed in a room or
in a fume hood with proper ventilation. After formalin perfusion, most feathers were
removed, and chickens were then placed in buckets filled with 10 % formalin for 2
weeks. After whole body fixation, chicken femora were harvested. Most attached
tissues were removed, except for the tissues at the bone shaft, covering the nutrient
foramina. Femur shafts were scanned using the micro-CT scanner at 20 pm resolution
to detect foramen locations and numbers. Femora were then placed into Cal-Ex
decalcifying solution for 3 weeks. After decalcification, tissues on the bone shaft were
carefully removed to expose nutrient foramina. Femur shafts were separated from the
whole bones and placed in 70% ethanol prior to histological embedding and
sectioning. Femur shafts were embedded in paraffin and sectioned serially with 7 pm
slice thickness through the whole cortical region, where the foramen is located
(Figure 2), using a rotary microtome. Masson’s trichrome stain was used to stain the
tissues, to distinguish bones, vessel walls and nerves. A light microscope (22197,
Olympus, Tokyo, Japan) connected to a 5SMP digital imager (#44422, Celestron,
USA) and a computer were used to take microphotographs of the foramen slices.
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Figure 2. Schematic diagram of histological sectioning of femur shafts. The

nutrient foramen faced upwards. Serial femur shaft slices were sectioned throughout
the whole foramen passage in the cortical bone. Red squares represent histological

cross-sections.

4.4. Statistical analysis

Most biological factors are related to body mass in non-linear ways. When comparing
data such as foramen size, vessel size and blood flow data among chickens with
different body mass, data need to have the effect of body mass removed (i.e. mass-
independent data). The scaling of blood flow index (Qi) in the femoral bone of
cursorial birds on body mass has an exponent of 0.89 (Allan et al., 2014). As derived
from Poiseuille’s Law, Qi = r*/L, where Qi (mm?3) is blood flow index, r (mm) is
foramen radius substituting vessel radius, and L (mm) is an arbitrary length, assuming
that femur length is geometrically similar to vessel length (Allan et al., 2014;
Seymour et al., 2012). The units of Qj are proportional to blood flow rate. Any length
scales with body mass or volume to the 0.33 power, and area scales to the 0.67 power,
if the shape is constant. Therefore, assuming that Qi is proportional to body mass to
the 0.89 power, L to the 0.33 power, then foramen radius should scale with body mass
to the 0.305 power, and area to the (0.305 %2 = 0.61) in birds. Therefore, the raw data
were converted to mass-independent nutrient artery radii (mm kg©3%®) and areas (mm?

kg®%h) for analysis.

If femora have more than one foramen or more than one perfused nutrient artery,

foramen and nutrient artery radii for these femora were calculated from the summed
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foramen and artery areas. Mass-independent areas of nutrient foramina were averaged
from both legs and compared among three chicken groups using ANOVA in statistical
software (Prism 6.0; GraphPad Software, La Jolla, CA, USA). Nutrient artery cross-
sectional areas were collected only from femora with BriteVu successfully perfused in
the artery lumina inside the foramina. If nutrient arteries of both femora were well-
perfused, size data of the nutrient arteries were averaged from both femora, otherwise
one femur’s artery was a datum. Mass-independent areas and radii of nutrient arteries
were compared among three chicken groups using ANOVA. If there was a significant
difference, Tukey’s multiple comparisons test was used for comparing means between
any two groups. Lumen/foramen area ratio was calculated by dividing a nutrient
artery lumen area by a foramen area for each properly perfused foramen. Error
statistics are 95 % confidence intervals (ClI).

4.5. Results
4.5.1 General observations of chicken femoral nutrient arteries and nutrient

foramina

As the descending aorta passes into the abdominal region, it gives rise to external iliac
and ischiatic arteries running into the legs, and the femoral arteries branch off the
external iliac arteries (Midtg&d, 1982; Xu et al., 2010). The femoral artery and
ischiatic artery are the major arteries of the thigh, with the femoral artery often
supporting the proximal muscles, and ischiatic artery providing the main blood supply
of the hind limb. Femoral nutrient arteries of birds, including chickens, branch off the
ischiatic arteries (Figure 3 and Figure 4A). After a single nutrient artery enters a
femur shaft though a nutrient foramen, it bifurcates into ascending and descending
arteries (Figure 4B, C). Most femora had only one nutrient foramen located at the
mid-shaft region. Of 48 femora scanned in this study, 17 femora had two nutrient
foramina, and three femora had three. Nutrient artery locations and foramen shapes
were complex in femora with more than one nutrient foramen. Therefore, femora with

more than one foramen are described separately below.
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Femoral artery
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Figure 3. Schematic drawings of the vessel patterns surrounding the femur
(medial view). The graph is drawn based on Midtg&d (1982)’s descriptions and

our own observations.
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Figure 4. Micro-CT images of blood vessel distribution surrounding femora. A.
Main arteries surrounding a femur. B. Ischiatic vein and ischiatic artery connected to
the vein and nutrient artery inside a femur shaft. C. A cross-sectional image of a
femur mid-shaft, with a nutrient foramen and a nutrient artery. Nutrient artery outside

the foramen in image C does not appear due to sample orientation.
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4.5.1.1 Femora with one nutrient foramen

A single nutrient foramen contained a nutrient artery, a vein and a nerve (Figure 4A).
Most femora with only one nutrient foramen observed from histological sections did
not reveal a vein inside the foramen, but exposed a large space between the artery and
the foramen (Figure 5B). We believe veins in these foramina detached during
processing because of their thin, fragile walls, as veins could be observed in some
histological sections (Figure 5A) and on micro-CT images (Figure 4B). Cross-
sectional areas of these nutrient foramina often appeared to be pear-shaped or
elliptical, and the nutrient artery was located at the smaller end of the “pear” (Figure
6A, B & C). Nutrient foramen passages did not branch inside the cortical region in
most cases. However, both femora of one chicken in this study revealed a passage that
was single on the periosteal surface and branched into two passages within the
cortical bone. One passage contained the nutrient artery and the other empty foramen

probably contained the vein (Figure 7).

Foramen

~

Nutrient artery

Figure 5. Microphotographs of histological nutrient foramen cross-sections with
occupying tissues. A. A nutrient artery, a vein and a nerve occupy a nutrient foramen.
B. A nutrient artery and a nerve occupy a nutrient foramen, leaving a large space
between the foramen wall and the occupying tissues. (Note: 1. Histological foramen
and vessel cross-sections were not sliced perpendicularly to either the foramen
passage or the vessels; 2. All histological nutrient arteries were not pressurized
properly.) The scale represents 0.5 mm.
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Foramen Artery lumen

Figure 6. Different shapes of nutrient foramina with occupying vessel lumina
filled with BriteVu observed from micro-CT images. A & B. Pear-shaped foramina

with nutrient artery locating at the smaller area of the “pear”. C. A pear-shaped

foramen with both a nutrient artery and a vein partially filled with Brite\Vu. D. An

3

‘empty”’ round-shaped foramen. E. A round-shaped foramen with a vein. F. A round-

shaped foramen with a nutrient artery. Scales represent 0.5 mm.

Left femur
(foramen a)

..

Right femur
(foramen b)

Figure 7. Tangential cross-sections of two nutrient foramen passages a and b on
both femora of a chicken. From left to right, the cross-sections were collected from
closer to the bone surface to the closer to the bone marrow. An invisible vein may be

present in the “empty” space of each foramen. Scales represent 0.5 mm.
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4.5.1.2 Femora with more than one foramen

In some cases when a femur had more than one foramen, only one foramen passed the
nutrient artery branching off the ischiatic artery, as we often observed only one artery
lumen filled with BriteVu inside one foramen. Other foramina appeared to be empty
or have irregular-shaped lumen cross-sections (Figure 6D, E). This could be because
the contrast medium failed to perfuse into the arteries inside these foramina or
because these foramina may contain only a vein. Veins were not perfused
intentionally with BriteVu in this study, but it entered veins in some cases, possibly
through anastomoses or ruptures (e.g. Figure 4B). One femur, which had two nutrient
foramina, showed an ischiatic vein partially perfused with BriteVu. We observed that
one foramen of this femur contained a nutrient artery traced to the ischiatic artery and
another foramen contained a vein traced to the ischiatic vein. Both of these foramen
cross-sections were round-shaped. This sample indicated the possibility for a femur to
have two nutrient foramina, with one occupied by an artery and other occupied by a
vein. Another case showed a femur containing two foramina, each with a nutrient
artery. In this specific example, the sizes of these two nutrient artery lumina were
similar, but one foramen was round-shaped and the other one had a much larger pear-
shaped cross-sectional area, suggesting that it also contained a vein (Figure 8). Both
arteries branched off the ischiatic artery. After