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ABSTRACT

ARE LINES OFARRESTEDGROWTHIN BONE INDICATIVE OF

SEASONAL METABOLICSUPPRESSION IN BEARS?

Large hibernators such as bears have seasonal metabolic suppression, hibernation (Tgien
et al. 2012). During hibernation bear's activity is very low; to the point most other animals
would exhibit disuse bone resorption. However bears do not exhibit disuse bone resorption
during this time (McGee-Lawrence et al. 2008). Are lines of arrested growth (LAGS) in bone
indicative of seasonal metabolic suppression in bears? Through the use of toluidine blue stain
light microscopy slides and backscattered scanning electron microscopy images (SEM), LAGs
were counted and correlated with age. LAGs have a strong correlation with age. This is
indicative of LAGs formation once per year, during set hibernation cycles. LAGs are metabolic
markers, in bears with set hibernation cycles. These metabolic markers could be used to identify
the specific time in which there is metabolic suppression, in bears. This identification could be
used in the future to track blood serum and other chemical markers in an attempt to understand
bear's natural resistance to disuse bone resorption. Bears ability to not exhibit disuse bone
resorption could be biomimetically studied, in an attempt to adapt this protection to humans.
Since humasiexperience disuse osteoporosis (extended bed rest and spaceflight) and

osteoporosis (older population specifically women).
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CHAPTER ONE: INTRODUCTION

Problemswith Disuse and Agein Bone 1.0

Bone could be best described as a living material. As such it can be predictable and
unpredictable in the same sense. Some people may agree that living things are chaotic.
Sometimes living things follow observable paths and patterns that humans seek, other times
living things are seemingly random and chaotic. This must be taken into account and with a
grain of salt. Such an attitude could lead to complacency and as said above living things are
often not complacent. Many times people try to simplify the components to understand the
whole. Other times people say that looking at the whole is the only way to understand what
makes up an object. Both are common approaches in science and engineering. A current
problem that is becoming more relevant to humans as average life expectancies increase is how
to treat an aging human structure. In this case, bone being a primary physical structure to
humans that gives: rigidity, points for muscles to attach, such that humans can move, protects
organs and more sensitive parts of the human body, to serve as a chemical and cellular reservoir
for the body, and the list could go on. That being said, bones can become broken or fractured.
Bone fractures are an increasing problem, especially for an aging population. As with younger
people fractures generally represent a mistake and are an inconvenience for them. For an older
population, fractures are not always the result of a mistake but could be just a sudden occurrence.
A fracture in an aging person could also prove to be life-threatening and\or an overall reduction
in the quality of life.

A fracture is just addressing the outcome of an underlying problem. The World Health

Organization (WHO) states that this is just a “clinical end result” of osteoporosis (WHO, 1994).



Overall the group of terms coined as the underlying problems, to fracture, is bone mineral
density (BMD), osteoporosis, and porosity. The WHO correlates osteoporosis and bone.
Patients with a BMD greater than 1 standard deviations of a healthy young adult are considered
low in “bone mass” (WHO, 1994). While a patient with a BMD greater than or equal to 2.5

standard deviations of a healthy young adult are considered to be osteoporotic (WHO, 1994). In
Table 1, page 3, the WHO shows a general approximation to the amount of white women, in the
US as of 1990, that have osteoporosis. There is no readily available reason to believe that
osteoporosis would be higher or lower in women of different races. Also it is unexpected that the
levels of osteoporosis are lower in other countries. Levels of osteoporosis might actually be
higher in other countries, due to the lack of readily available healthcare and\or lack of food
guantity and quality. Osteoporosis is of course more problematic in women, than men. This is
due to a drastic change in hormone production, menopause. The differences in the
porosity\BMD in between sexes are pointed out in several papers (WHO, 1994; McCalden et al.,
1993). According to the National Osteoporosis Foundation (NOF), Osteoporosis is the cause of
approximately two million fractures, which cost approximately $19 billion, each year. The NOF
then goes on to predict that, in 2025, at the current rates in the growth of osteoporosis related
fractures, this number could grow to three million fractures, which cost approximately $25.3
billion, each year (NOF.org). This is also assumed that this is only for the United States and

would be much larger if the whole would was added into these statistics.



Table 1: Relative percentage of white women, in the USas of 1990, with osteoporosis (WHO, 1994)

Age Range (Years) | Any Site (%) | Hip Alone (%)

30-39 0 0
40-49 0 0
50-59 14.8 3.9
60-69 21.6 8.0
70-79 38.5 24.5

80+ 70.0 47.5

>50 30.3 16.2

There is another way to achieve an “osteoporotic” like state. This is through the lack of
use. This is done when there is a lack of physical forces applied to bone. Such in the cases of:
extended bed rest, being bound to a wheelchair, astronauts, and other types of circumstances
where there is physical unloading of bones. This is shown in an article were these phases of
extended unloading of bone caused a reduction in overall BMD, or an increase in porosity
(Takata and Yasui, 2001). In such cases there are results similar to those in the aging population,
specifically women. Often this form of osteoporosis is called disuse osteoporosis (Takata and
Yasui, 2001). This has been scientifically studied on astronauts. A researcher suggests that
being in microgravity or a space like environment, an astronaut could lose up to 0.8% - 1.5% of
bone volume per month (Lang et al. 2004). This is also a very big problem currently for
mankind. Not only are people living longer, and experiencing osteoporotic mishaps, but also
astronauts are experiencing similar bone loss to that of an aging person. That be it, currently
astronauts are exposed to a set amount of space time that is considered safe. Such that as being a
younger individual they should be able to fully recover what was lost. This is an obvious
problem with space being the next big frontier for humans to expand to. Bone loss due to disuse
osteoporosis is a problem that must be rectified before long space travel is attainable, even in a
young population. That is of course if simulated gravity is not used in space travel. Other

studies have shown what a lack of physical forces are applied to bone (Jaworski and Uhthoff



1986; Kaneps et al. 1997; Zerwekh et al. 1998; Yonezu et al. 2004; Spector et al. 2009). The
bone loss, in osteoporosis and disuse osteoporosis is due to an imbalance. There is more bone
resorption than there is bone formation. This is an overall imbalance in a process called bone
remodeling (Skedros et al., 2005; Frost, 1990; Parfitt, 1994; Rubin et al., 1996).

Some hibernators exhibit special characteristics over non-hibernators. Hibernators, like
bear, are able to drop there metabolic rate significantly over the course of their hibernation.
Bears can drop their metabolic rate to only 25% of their base metabolic rate (Tgien et al. 2012).
This comes with only a marginal decrease in core body temperature of approxif@t@gien
et al. 2012). Interestingly, during this hibernation there is little to no radial growth, but there is
bone turnover but at a much slower rate, approximately 25% (McGee-Lawrence et al. 2008).
Taien's and McGee-Lawrencs research match up nicely. Bear exhibit the opposite of what one
would expect to see. They do not experience disuse osteoporosis even though they are not
moving a lot for extended periods of time (McGee-Lawrence et al. 2008). One would expect
with this prolonged lack of loading on the bones to see disuse osteoporosis. Similar to what one
would expect to see in humans if they tried to replicate the bear's hibernation patterns. Smaller
hibernators, like ground squirrels, do not have the same bone protection, from lack of loading,
during hibernation (Carey et al., 2003). Also, hibernation of small hibernators and larger
hibernators differ. Larger hibernators, like bears, have a gradual metabolic depression to a
minimum and then a slow rise out of hibernation (positive parabolic shape), once they are done
hibernating (Tgien et al., 2012). Small hibernators, ground squirrels, go in to gradual metabolic
depression to a minimum, much like bears. Yet small hibernators have a few days where they
basically fully wake up. Their metabolic rate sharply increases, to a non-hibernation state, and

then drops sharply back to the previous minimum (Carey et al., 2003).



Bone Remodeling Overview 1.1

Bone remodeling involves two major processes. These two processes include: the
resorption of bone and the laying down of new bone. This is accomplished by two cell types,
osteoclasts and osteoblasts, accordingly with the previous statement (Skedros et al., 2005; Frost,
1990; Parfitt, 1994; Rubin et al., 1996 ee Figure 1, below, this shows a general illustration of
the remodeling process. During the first process of the resorption, osteoclasts reabsorb bone
forming what is called a resorption cavity. This resorption cavity is a physical shape that
outlines the space in which new bone will be filled in (Skedros et al., 2005; Sokolof, 1973;

Parfitt, 1984; de Ricgle’s et al., 1991; Zhou et al., 1994).
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Figure 1: Showsthe cycle that is bone remodeling. Activation of the osteoclasts |leadsto resorption. After the bone
has been reabsorbed osteoblasts arrive and begin the reversal surface, to start to lay down new bone. Osteoblasts
continue after the reversal surface to lay down even more new bone. Once the resorption cavity isfilled thereisa
resting phase that waits once again to be activated and start the process anew.



New bone will be laid down, in this resorption cavity, by osteoblasts in the form of collagen.

This is typically in the form of collagen | (Rubin et al., 1996). Collagen as a whole is not very
stiff but allows for deformation. Collagen | is not just in a single stranded form. Itis a
summation of alpha chains wound into a more complex three stranded structure, called
tropocollagen. Tropocollagen is generally considered to be ~300nm in bone (Rubin et al., 1996;
Fratzl et al., 2004)See Figure 2, below, this shows a general illustration of formation and

hierarchy of collagen molecules.
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Figure 2: Showsthe general hierarchy of collagen with A being a single alpha chain. B shows 3 alpha chains
coming together to from tropocallagen. C shows a collagen molecule. D shows the packing of collagen molecules.
The spaces show where mineralization can occur. E shows a fibril, which is the summation of many microfibils,
which in turn isa long chain of collagen molecules.




The addition of crosslinking among tropocollagen will improve the stiffness and compressive
strength of bone. There is a gap between each tropocollagen band, which the mineral
hydroxyapatite will reside, see Figure 2 D page 6.

Mineralization also plays a large part of the organization and overall strength of a bone.
In this case the primary mineral in bone is hydroxyapatite(f&a)s(OH)] or known as apatite
[Cas(POy)s(F, Cl, OH)] in nature (Rubin et al., 1996). Yet others have different names for the
mineral. In Weiner and Traub's 1992 article they call it dahllitg(f8a,CO; )3(OH)]. Later, in
Weiner and Wagner's 1998 article they call it carbonated apatdPCg(COs3))3]. This may
be due to the lack of hydroxyl groups (OH) in the NMR and FTIR analysis of bone (Loong et al.,
2000; Rey et al., 1995). It is more generally called hydroxyapatite though, but there are other
names for the primary mineral in bone. It is also known that each mineralized gap structure has
two crystals or plates, termed by Robinson, and they stack in a hexagonal crystal structure (R.
Robinson 1952; Bone Biology and Mechanics Lab Indiana University-Purdue University,
accessed 2015)See Figure 3, below, this shows a general illustration of a hexagonal crystal

structure.

\

Figure 3: Shows an illustration of a hexagonal crystal structure.



Hydroxyapatite “connects” the tropocollagen bundles that are already crosslinked. Rubin et al.
(1996) suggests that these mineralization sites generally have a crystal approximately 20 to 80
nm in length and 2 to 5 nm thick. Other researchers further go on to say the crystal is
approximately 50 nm long by 2 to 3 nm thick by 25 nm wide (Fratzl et al., 1992; Landis and
Glimcher, 1978; Nyman et al., 2004; Wachtel and Weiner, 1994). See Figure 4, page 9, this
shows a general illustration of the mineralization process between tropocollagen bundles. The
amount of mineralization sites that are filled will represent the level of mineralization for the
bone. The level of mineralization generally gives “stiffness” to the collagen. The appropriate
level of mineralization is thus very important biologically, because having hypo-mineralization
or hyper-mineralization could be detrimental. It has been suggested by Glimcher, in his 1987
article, that the mineral phase in bone takes up approximately 43% of the total volume of the
bone. Glimcher also said that the primary chemicals of bone's mineral phase are calcium (Ca)
and phosphate (PO,4). There is also a little carbonate (CO3) and some impurities (sodium,
magnesium, potassium, citrate, fluoride, and phosphite) (Glimcher, 1987).

Once collagen has been laid down, in the bone remodeling process, collagen is aligned
and mineralized. The alignment and level of mineralization is dependent on general use and
time. The direction of alignment of collagen fibers dictates the mechanical properties of bone.
When first laid down, collagen will be very random in orientation. Collagen can then shift its
alignment and become more mineralized (Lawson et al., 1998). In cortical bone collagen is laid
down into formations. These formations are called osteons. Osteons are a unit of collagen and
minerals that make up the structure of cortical bone. In both the Rubin et al. 1996 and Skedros et
al. 2005 articles, osteons are shown and described as a structure formed from bands of collagen

fibers, i.e. concentric lamellae. An osteon is a product of bone formation, yet there are two



different types of osteons. These two types are primary osteons and secondary osteons. A
primary osteon results from the first time bone is laid down, in the case of modeling. A
secondary osteon is the result of bone remodeling. See Figure 5, page 10, shows the difference
between the primary and secondary osteons.
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Figure 4: Shows hydroxyapatite crystal growth between tropocollagen bundles.
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Figure5: SEM images showing secondary and primary osteons. Image A, in the top left, shows bone modeling and
the formation of primary osteons, on the periosteal (outer) surface. Regions of current primary osteon formation
are pointed out by arrows. Image B, in the top right, shows a zoomed in image of completed primary osteons.
Primary osteons are pointed out by arrows. Primary osteons are identified by the lack of lines encompassing single
osteons, i.e. cement line. Also the lack of bone remodeling, and linear osteons stacking signifies primary osteons.
Image C, in the bottom left, shows a region high in remodeling. In thisregion of high remodeling, there are many
circular objectsthat are darker than their surroundings. These darker circular objects are an example of secondary
osteons. Several fully filled in secondary osteons are pointed out by arrows. Image D, in the bottom right, shows a
zoomed in image of a secondary osteon. The secondary osteon is identified by the thinner line encompassing the
osteon, i.e. cement lines. Arrows point to the inside of the secondary osteon and the cement line.

This alignment of the collagen in lamellar bone is generally stress orientated. In a
mechanical sense the lamellar bone is much tougher, but with a caveat. This caveat is that this is
only in a certain loading direction that the bone is tougher. It could be said that collagen will be

orientated into an organization that is strongest in the loading of this specific region of bone. In

10



an example by Fratzl et al. 1996, reorganization of collagen is shown as the collagen orientation
is shown to change from the surface of the bone as one travels deeper into the bone. The surface
collagen fibers are almost parallel to the surface. This would imply collagen fibers closer to the
surface are in line with the long bone giving a high level of strength in one direction, but also a
high level of resistance to surface shear. The fibers turn to approximately 45 degrees as they
travel deeper in the bone. This provides strength in multiple directions, but at a lower level than
the previous collagen fibers. Also in cases of a habitual loading pattern, the alignment of
collagen fibers in long bones, lamellar bone would be tougher, than bones with random collagen
alignment. Generally long bones are loaded biologically in bending. In the end though collagen
fiber orientation is dependent on how that specific part of the bone is loaded, and can be
adaptive. Collagen fiber can re-orientate to changes over time in response to the forces applied
on the bone.

To further the idea of the purpose of bone remodeling, one must look at the function and
purpose of bone, as it pertains to living beings. Also one must look at the reason that bone is
remodeled in the first place. As stated before bones are the primary physical structure to humans
that gives: rigidity, points for muscles to attach such that humans can move, protects organs and
more sensitive parts of the human body, to serve as a chemical and cellular reservoir for the
body, and the list could go on. According to Rubin et al. (1996), bones represent a reservoir for
minerals, containing 99 percent calcium, 85 percent phosphorus, and 66 percent magnesium for
the entire body. Also elaborated by Rubin et al. (1996), is that bone will adapt to mdchanica
demands such as exercising and bed rest. Exercising represents a form of mechanical loading
which will induce damage to bones in the form of fatigue microcracking. The bone will respond

to this by up regulating bone remodeling and bone synthesis. As for the opposite case, bed rest

11



would show a lack of mechanical demand on the bone structure. While bed rest is helpful after a
prolonged time of increased bone loading, this would allow the bone remodeling to catch up with
the repairing of the bone. Generally prolonged disuse or unloading of bones will shift the
process of bone remodeling into removing more bone than is being laid down. Another point of
interest that Rubin et al. (1996) brings up is the metabolic importance of bone. Bone is a
material that needs to be balanced in its formation. Too much mineralization will lead to
hypercalcemic bone that will be rigid and prevent energy absorbing deformation. Too little
mineralization will lead to hypocalcemic bone that will be soft and deform too much (Hall et al.,
1993; S. A. Wainwright et al., 1982). Both of the previous cases are not ideal since they provide
less overall toughness than a more balanced mineralization would. In the first case the bone
would be ridged compared to normal bone and could absorb energy without deforming much.
This would lead to an increased modulus of the bone, but fracture much sooner. In the second
case the bone would not have enough rigidity and deform fairly easily compared to normal bone.
This would yield a relatively soft bone, lack toughness, and have a low modulus when compared
to a normal bone; but the bone would be able to go through large deformations (Hall et al., 1993;
S. A. Wainwright et al., 1982). These types of metabolic actions could drastically change the
ability of the skeletal structure to perform its basic functions. Thus a balance is the best outcome
when it comes to the metabolism of bone. While osteoporosis is not a direct outcome of bone
metabolism it has to do with the inability of the osteoblasts, lying down of bone, to keep pace
with the osteoclasts resorbing bone. This could be considered a metabolic procedure (Rubin et
al. 1996). Osteoporotic bone has the same outcome as hypercalcemic or hypocalcemic bone.

The bone’s overall toughness is reduced, which happens through increased porosity in the bone.

12



All of these properties of bone must be taken into account when attempting to understand

processes and structures that reside in bone.

Cement LinesOverview 1.2

A “reversal surface” is the point where bone resorption stops and bone formation will
start (Skedros et al., 200S¢kolof, 1973; Parfitt, 1984; de Ricqlés et al., 1991; Zhou et al.,
1994) This “reversal surface” is of particular importance, since it is the location of structure of
interest for the current study. In cortical bone, the border of the resorption cavity is a boundary
that separates where new bone and old bone will eventually meet. This line has two different
names. Generally it is termed a reversal line during the remodeling process, and a cement line
after the remodeling process is done (Skedros et al., 2005). An example of a cement line is
shown in Figure 5 image D, on page 10. The brighter white band surrounding the secondary
osteon is a cement line. The first documented use of the term cement line was done by Von
Ebner. In 1875 Von Ebner descrildecement line as a “kittlinien” (putty line or glue line).
This reversal line or cement line is approximately less than 5 um in size (Skedros et al., 2005).
Generally this is “a seam” among portions of the new and old bone (Skedros et al., 2005;
Sissons, 1962; Castanet, 1980Dnce bone is reformed in the resorption cavity, the overall
structure is a secondary osteon. As before, an osteon is defined as an integral part of cortical
bone, which has concentric layers of lamellar bands, surrounding a central hollow shaft, called a
Haversian canal. €@ Figure 6, page 14, this shows a general illustration of concentric layers of
lamellar bands, surrounding a central Haversian cdhhhs also been suggested that reversal
lines or cement lines are absent in primary bone. They are said to be only present in secondary

bone. This is stated to be due to the fact that resorption of primary or secondary bone is needed

13



to form a resorption cavity in which a reversal surface and consequently a reversal line or cement
line can be formed (Skedros et al., 20BGtchard, 1972; Sokolof, 1973; Jee, 1983; de Ricgle's

etal., 1991; Zhou et al., 1994

Figure 6: Shows concentric lamellar bands surrounding a central Haversian canal. The cement line would
surround the outermost lamellar band.

There are several ways in which researchers have used to analyze the composition of the
cement lines. There has also been a history of disagreement in the elemental composition of said
cement lines. The elemental composition is more termed as the level of mineralization of the
cement line when compared to surrounding bone. Some studies have used microradiographs of
bone and then there was information that was extracted from the brightness of the cement line
when compared to the surrounding bone. This is called the grayscale levels and is an imaging
technique that is used, in this specific case, to determine the mineralization of the regions of

interest in bone (Skedros et al., 2005). In the following studies, the researchers determined that
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the brighter cement lines, in the microradiographs, were indicative that the mineralization of the
cement lines was higher than that of the surrounding bam@rino and Engstro'm, 1952;
Jowsey, 1960, 1964, 1966; Smith, 1963; Philipson, 1965; Heuck, 1971; Lacroix, 1971; Yaeger,
1971; Dhem and Robert, 1986; Skedros et al., R08ce cement lines have been described as
“highly mineralized materials”, there have been other studies implying that the interface between
new bone and old bone, cement lines, is a brittle interRicéson, 1965; Castanet, 1981,
Parfitt, 1984. Yet as stated the actual mineralization of the cement line, has a history of
disagreement.

The idea that cement lines are “highly mineralized” has been challenged by several
others. The studies include not only a biomechanical approach but also a compositional
approach (Fawns and Landells, 1953; Lakes and Katz, 1979; Lakes and Saha, 1979; Katz, 1980;
Frasca, 1981; Frasca et al., 1981; Lakes, 1995). In the article from Frasca et al., in 1981, it was
suggested that in human compact bone, with an increased amount of secondary osteons and thus
presumably more cement lines, had different results in shear testing. The bones were tested in
shear and compared to other cortical bone with less secondary osteons. The bones with a higher
number of secondary osteons had a reduced shear modulus and a larger viscous behavior. It was
then deduced that these results from the increase in overall viscosity of the sample, were due to
the increase in cement lines of the bone. This would suggest that osteons might be more viscous
than formerly assumed. This was not fully supported due to a lack of microscopic study and that
this was only performed on a single sample (Frasca et al., 1981). In the article by Katz, in 1980,
there is a previous model that used an assumed stiffness of cement lines to be one fourth that of
the surrounding bone. Also in the article of Lakes and Saha, in 1979, there is some evidence that

there is possibly some fluidity of “cement lines” in well hydrated samples, which have been
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induced to extended torsional load. Yet these “cement lines” were found in a primary bone
sample of the diaphysis of bovine long bones. As stated above, it is assumed that there can be no
“cement lines” without the bone remodeling process since “cement lines” are the fundamental
outcome of bone resorption and the following replacement of that bone. This bone being
absorbed includes either secondary or primary bone, yet the outcome will always be secondary
bone.

This article brings up an interesting point that not only has the idea of the level of
mineralization in cement lines has been historically debated, but also the definition of cement
line has also been debated or at least possibly confused for other bone based structures. Both in
the article by Skedros et al., in 2005, and Davies et al, in 2000, they provide a general review of
the argument over the terming of cement lines. In an article by Curry and Zioupos (1994) they
argue that the use of the term “cement lines” is misused by some researchers. Curry and Zioupos
also point out the errors of some of the articles that conclude that cement lines are regions of not
highly mineralized materials. In the 1994 article by Curry and Zioupos, they point out that the
“cement lines” that Lakes and Saha described, in their 1979 article, are not cement lines.
Cement lines, by their definition, can only be present in secondary bone. Curry and Zioupos
align the definition of cement lines with those who present a cement line as high level of
mineralization that surrounds a resorption cavity after new bone has been laid down (Amprino
and Engstro™m, 1952; Jowsey, 1960, 1964, 1966, Philipson, 1965; Heuck, 1971; Lacroix, 1971;
Yaeger, 1971). Curry and Zioupos apparently strongly disagree with some other researchers that
use the term cement lines to describe similar bright lines that appear in primary bone. These
other lines can appear in primary or secondary bone without the sign of bone remodeling. Some

of these lines are termed resting or arrest lines, that appear just like cement lines in brightness
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and assumed mineralization, but the resting or arrest lines are typically larger in width (Skedros
et al., 2005; Weinmann and Sicher, 1955; Lacroix, 1971; Zagba-Mongalima et al., 1988; McKee
and Nanci, 1995). These resting or arrest lines are also considered to be a result of reduced bone
formation or a complete stop in bone formation, not a remodeling process that involves
resorption (Skedros et al., 2005; Frost, 1963, 1973; Kornblum and Kelly, 1964; Jaffe, 1972;
Pankovich et al., 1974; Parfitt, 1983; de Ricqle’s et al., 1991; Nyssen-Behets et al., 1994; McKee
and Nanci, 1995). In a paper by Kohler et al., in 2012, these lines are called lines of arrested
growth. These lines will be covered in more depth in the following section. Some of the
confusion comes from the interchanging of these two lines in some papers (Zhou et al., 1994;
McKee and Nanci, 1995). Also, some researchers term cement lines as the substance or material
that is put down in sites of initial bone formation of either primary or secondary bone (Frasca et
al., 1981a; McKee and Nanci, 1995; Davies, 1996). The term cement lines seem to have a bit of
disagreement and this does not necessarily mean that either party is wrong. There needs to be
some clearing up and agreement of the term cement line and what a cement line means. If there
1s another line that looks similar to a cement line then it should be further studied, and if
necessary other biological terms derived for these other bone structures.

The idea of a more rigid and hypermineralized cement lines would add validity and back
up some of the previous mechanical and more visible properties of bones, suggested by other
researchers. One of these suggested more mechanical and visible properties are crack
propagation. Some researchers suggest that cement lines play an important role in: fatigue
properties, microcracking, crack propagation and crack blunting (Burr et al., 1985, 1988; Advani
et al., 1987; Choi and Goldstein, 1992; Norman et al., 1995; Schaffier et al., 1995; Prendergast

and Huiskes, 1996; Braidotti et al., 1997; Norman and Wang, 1997; Boyce et al., 1998; Guo et
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al., 1998; Yeni and Norman, 2000; O’Brien et al., 2003; Sobelman et al., 2004). If cement lines
were hypermineralized and thus brittle, then it would make sense what some researchers observe.
It is observed and suggested that cracks tend to travel along cement lines, around osteons, rather
than through osteons. Also it has been suggested that cement lines have low amounts or are
devoid of collagen, which as stated before is the primary protein that makes up mature bone,
with the mineral hydroxyapatite. These findings were presented by several researchers: Skedros
et al., 2005; Weidenreich, 1930; Maj and Toajari, 1937; Dempster and Coleman, 1961; Evans and
Bang, 1966; Schaffler et al., 1995; Wang and Norman, 1996; Norman and Wang, 1997; Boyce et
al., 1998; Jepsen et al., 1999. This is much similar to the idea of a precipitant in a metal.
Generally in mechanical and materials science based approach, one would see cracks that
initiate, in fatigue or uses that fall outside of the components specified range of use. Many times
this same idea is seen that crack will travel around precipitants, which are tougher than the
surrounding material (Hall et al., 1993; S. A. Wainwright et al., 1982). Only if there is
sufficiently high levels of energy will the crack actually travel through the precipitant (Hall et al.,
1993; S. A. Wainwright et al., 1982). One could consider these examples to be analogous to
bone. As in the precipitants are osteons and the surrounding material is the cement line. Yet in
this example much of the material would be a sea of precipitants held together by little material.
This could of course inhibit the similarity of these comparisons. A final suggestion of some
researchers is that cement lines play a role in energy dissipation: through energy absorption,
fracture, viscous dampening, and elasticity (Dempster and Coleman, 1961; Piekarski, 1970;
Lakes and Katz, 1974; Carter and Hayes, 1977; Saha, 1977; Lakes and Saha, 1979; Gottesman
and Hashin, 1980; Katz, 1981; Martin and Burr, 1982; Burr et al., 1985; Choi and Gol stein,

1992; Norman et al., 1995; Guo et al., 1998; Currey, 2002; Les et al., 2004). All of these
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suggestions, of course hinge on the relative mineralization of the cement lines. All assumptions
are based on if one could consider a cement line hypermineralized. Many of the stated
observations above of mechanical properties such as cracks traveling along cement lines would
lean more towards the idea that cement line would be a relatively brittle material, when
compared with surrounding material.

Generally the level of mineralization of cement lines was determined by the brightness or
darkness of the cement lines in micrographs. Generally these micrographs were obtained through
the use of a scanning electron microscope (SEM) in backscatter mode. The level of grayscale
was used with image processing to determine the relative levels of mineralization, when
comparing it with other surrounding bone. Again, this is another point of disagreement among
researchers. The bright lines are generally agreed upon by most researchers. Some researchers
think that these lines may be optical aberrations when looking at bone. Specifically some
researchers analyzed cement lines and came to the conclusion that they “contain significantly
less calcium and phosphorus™ (Schaffler et al., 1987). Not only did Schaffler et al. use an SEM
with energy dispersive X-ray spectroscopy (EDX) as a secondary form of analysis they came to
the same conclusion. Along with Schaffler et al., Burr et al. also came to a similar conclusion
that cement lines were not considered to be relatively high in mineralization and not optically
different than surrounding bone (Burr et al, 1988). In direct contradiction to both Schaffler et al.
and Burr et al., there are a larger handful of researchers that agree on the idea that cement lines
are brighter than the surrounding bone (Skedros et al., 2005; Boyde et al., 1990; Boyde and
Jones, 1996; Boyde and Kingsmill, 1998; Howell and Boyde, 1999; Dorlot et al., 1986; Roschger
etal., 1993, 1997; Grynpas et al., 1994; Fratzl et al., 1996; Cool et al., 2002; Bachus and

Bloebaum, 1992; Bloebaum et al., 1997; Vajda et al., 1999). Obviously there seems to be more
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researchers that agree on the idea that cement lines are brighter lines in bone when compared
with the surrounding bone. Combining this with other studies that show brighter features in bone
on backscattered electron (BSE) images, represent higher levels of minerals (Reid and Boyde,
1987; Skedros et al., 1993a, 1993b; Roschger et al., 1995; Bloebaum et al., 1997). One could
conclude that these, generally agreed upon, brighter cement lines in bone are higher in
mineralization than the surrounding bone. Yet historically, there were disagreements on this
point. It seems that using BSE grayscale images alone are not enough and more advanced
techniques are needed to better understand the mineralization of cement lines.

In the Skedros et al. 2005 article, the use of SEM EDS is used to show that there is more
evidence to support the idea that brighter regions in BSE images are of higher mineralization
than darker regions. In effect Skedros et al., 2005 article, uses quantitative SEM EDS to show
that there is a significantly higher level (p < 0.05) of % Ca in the cement lines (25.13+0.46) vs.
in the osteon (23.82+0.49) of humans’ femurs and radii. Yet in the Skedros et al., 2005 article,
there was no significant difference between interstitial bone and cement lines. The
understanding and use of SEM and EDS will be covered more in a dedicated section, 1.4, on
electron microscopy. From the supported idea of BSE grayscale images, any region in bone that
is significantly brighter than the surrounding should contain higher levels of mineralization. This
is true since calcium is generally considered to be the densest element, in bone, that is not trace.
From the research on cement lines and how BSE brightness signifies hypermineralization in
regular bone, the theory can be applied to other regions of interest, in the bone. One such region

of interest is Lines of Arrested Growth (LAGs).
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Linesof Arrested Growth (LAGs) Overview 1.3

As stated above in the cement line section, sometimes similar lines to cement lines appear
in bone. BotlCurry and Zioupos stated that some researchers confuse cement lines and these
other lines, which appear in bone, and called such line cement lines. This then adds confusion to
the idea of what a cement line is. It was also said that these new lines can appear in primary or
secondary bone without any sign of remodeling. These new lines were termed as resting or
arrest lines, that appear just like cement lines in brightness and assumed mineralization, but the
resting or arrest lines are typically larger in widBkédros et al., 200%Yeinmann and Sicher,
1955; Lacroix, 1971; Zagba-Mongalima et al., 1988; McKee and Nanci, 1995). It was said that
theseresting or arrest linegre also considered to be a result of reduced bone formation or a
complete stop in bone formation, not a remodeling process that involves resd@ggdnos et
al., 2005;Frost, 1963, 1973; Kornblum and Kelly, 1964, Jaffe, 1972; Pankovich et al., 1974;
Parfitt, 1983; de Ricqgle’s et al., 1991; Nyssen-Behets et al., 1994; McKee and Nanci, 1995). See
Figure 7, page 22, it shows a comparison of LAGs vs. a cement line. By definition a line of
arrested growth implies a complete cessation of bone growth. Unlike in cement lines LAGs are
found in the modeling of bone, not the remodeling (Hall et al., 1993; Chinsamy-Turan, 2005;
Carter et al., 1991; Ray et al., 2009; Sander et al., 2006). Modeling of the long bone can occur
radially on the periosteal surface. This radial growth allows for LAGs to form and to be seen in
cortical cross sections. Annuli are a line that is similar to LAGs. Annuli can be confused for
LAGs, in some cases. They are a region of bone growth that, unlike LAGs, are characterized by
slowed and not a complete cessation of growth (S. Ray et al., 2009; P. M. Sander et al., 2006;
Hall et al., 1993). Annuli are lines similar to LAGs in shape, but generally are larger.i Annul

can also precede and\or follow LAGs.
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Figure 7: Shows an example of a cement line vs. LAGs. Image A, left, shows a cement line (arrow). Image B, right
shows an example of LAGs (arrows). LAGs generally run all the way around a cross section, circumfer entially,
were cement lines on encompass only an osteon.

LAGs have been initially studied in dinosaurs’ fossils (Chinsamy-Turan, 2005; Sander et
al., 2006). Dinosaurs are said to have many of the similar biological abilities and function of
present reptiles. One of the important biological features was cold blooded. Since the dinosaurs
were cold blooded they could not generate their own internal body temperature. They were
dependent on the environment for their temperature, they are thus called ectothermic. Due to
this lack of internal body heat it was suggested that ectotherms are sensitive to colder
temperatures. A colder temperature could cause the animal's metabolism to drop andghis for
a LAG. The LAG would form due to adverse environment factors to bone growth. Many LAGs
have been identified in well preserved fossils (Chinsamy-Turan, 2005; Sander et al., 2006;
Woodward et al., 2011). Also modern day alligators, which share some common ancestors with
dinosaurs and are reptiles that have many of the same biological features, show present of LAGs
(Woodward et al. 2014). This idea of LAGs being thermally regulated works in ectotherms.
This would mean than endotherms, or animals that do maintain internal temperature, could not

have LAGs. An article by Kohler et al., in 2012, suggests that LAGs being are present in
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ungulates, which are endotherms. This contradicts the historical thoughts, by dinosaur
researchers, that LAGs are based off of thermal regulation. Fastovsky et al. (2012) and
Weishampel (2004) suggested that endotherms are able to control their internal temperature then,
due to this consistency, they would be less inclined to have LAGs or devoid. Understanding
such LAGs could provide a great deal of insights into climates and living situation of extinct
vertebrates if the LAG were indeed a result of thermal regulation. Yet it seems more than that is
at play. Kohler et al. (2012) suggests that the LAGs are formed due to a lack resource and
environmental pressure, on the organism. Specifically Kohler et al. (2012) suggests that LAG
formation is a process of metabolic downturn, meaning that metabolism is the primary driving
factor to LAG formation. Kohler et al. (2012) suggests that water and food are primarily high
during a certain season and then dip off in another season, i.e. summer and winter. During the
season of plentiful water\food, metabolism is up and bone formation is in fully swing. During
the season with less water\food, metabolism is down and bone formation sloarsstoph.
Bennett et al. (1981, 1987) agree that only an elevated metabolism would be able to have bone
formation. Yet Bennett et al. (1981, 1987) also state that bone formation is tied to the overall
ability to maintain body temperature. Kohler et al. agrees that it is generally accepted that
ectotherms have LAGs present due to the change in the environment yet uses it in the term of
metabolism. If an ectotherm was subjected to a colder environment, like winter, then
metabolism would decrease along with bone formation, and LAGs could form. Also if the same
ectotherm was subjected to a warmer environment, like summer, then metabolism would
increase along with bone formation.

In an article by Castanet et al. (2003), it was also shown that LAGs are present in

endotherms. The focus of this article was not to debate the formation of LAGs in endotherms,
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compared to ectotherms. Castanet et al. (2003) were trying to find out the number of LAGs and
how many formed. In this study they used grey mouse lemurs, which are small nocturnal
primates. They tried to relate LAG formation to circannual light cycles. In the study Castanet et
al. (2003) stated they expected to see one plus or minus one LAG form per circannual light

cycle. This was not exactly backed up by their graphs since they were not as close to a slope of
one as one would expect. Their definition of cycle changed for two separate groups. In one
group the term cycle meant a whole year. In the other group there were 1.3 cycles per year. This
second group had an accelerated cycle rate. During these accelerated cycles Castanet et al.
(2003), simulated light patterns of a normal year but in an accelerated fashion. The grey mouse
lemurs in the accelerated group had the same percent of light for beihta and summer”

season effects, but at an accelerated rate. From this Castanet et al. (2003) showed that they could
match the yearly normal cycle grey mouse lemurs, with their accelerated grey mouse lemurs, for
LAG formation. Castanet et al. (2003) also stated that there could be no more than seven LAGs
for grey mouse lemurs. After the age of seven then, in a normal setting, grey mouse lemurs
could not be aged through the counting of LAGs (skeletochronology). While this number may

not be the same for other animals it does show one interesting feature of LAGs, and that is that as
the animal ages into maturity radial growth\bone modeling slow down. This causes LAGs to pile
up on the periosteal surface of older animals. By pile up, it is meant that the separation between
each LAG in older is less and less to the point they look like, double, triple or even several look
like just one LAG. Seven is a nice number in the case of Castanet et al. (2003). This is due to
that seven years old is generally a fairly old grey mouse lemur. In the wild they generally do not
live this long due to predation\natural causes. This was only an issue in captivity since grey

mouse lemurs could live to ten to twelve years old, when these natural pressures were removed.
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Double LAGs are another oddity of LAG formation. Since there is currently not a lot of
information on LAGs there is even less on double LAGs. The idea of environmental cues
playing a role in LAG formation is still present. Most of the info present on double LAGs is in
amphibians, an ectotherm. In one case, M. lturra-Cid et al. (2010) study double LAGs in
Chilean frogs. In another case, F. M. Guarino et al. (2008) studied double LAGs in Rana holtzi,
another frog indigenous to Turkey. A double LAG signifies two complete cessations in bone
growth, generally during one year. Double LAGs are hard to differentiate in older animals. As
stated above in Castanet et al. (2003) LAGs to pile up on the periosteal surface of older animals
causing the separation between each LAG in older is less and less to the point they look like,
double, triple or even several look like just one LAG. Yet double LAGs in younger animals or
even ones in older animals that are not near the periosteal surface, show evidence of true double
LAGs. Both M. Iturra-Cid et al. (2010) and F. M. Guarino et al. (2008) have many suggestions
of what contribute to double LAG formation. One of these is sex, it is suggested that males may
be more prone to double LAGs. Another one that seems to have a larger impact is altitude. Both
studies suggested this could play a larger role in double LAG formation. Yet this would be due
to temperature and access to resources. Double LAGs were attributed to one in the summer, due
to aestivation, and one in the winter, due to periods of hibernation. This also forgoes extreme
environment events such as severe drought, extreme heat waves, extended winter, and\or
bimodal summers\winters (having almost two separate seasons with an oddly mild time
separating the two). Any of these kinds of extreme events could cause multiple LAGs,
sometimes more than two. This is of course in ectotherms and not endotherms. It is unknown if
these trends carry over or not but one could speculate that double LAGs could be found in

endotherms and could be due to any of the above reasons. It seems it is important that generally
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double LAGs form due to two adverse time periods for the animal. Seems that these two points
may have a stronger correlation with winter and summer, but that is not for sure. Also double
LAGs are a term and there can be triple LAGs and more depending on the situation. Finally
double LAGs may be hard to determine at the periosteal surface of older animals.

Kohler et al. (2012) and Castanet et al. (2003) have shown that LAGs have been found in
mammals. Yet the understanding of a LAG function is still not completely known (P. M. Sander
et al., 2006). Itis a curious thing to see LAGs in mammals since it is generally understood that
mammals are endotherms and regulate their own internal balance. This can be described under
the term of metabolic down turn that Kéhler et al. (2012) describes. If LAGs form due to
metabolic downturn then all the environmental cues (temperature, water, food\minerals, light,
and other environmental pressures) fit under that term. Then metabolism would be the
overarching term since it is influenced by all of those, in some way. Also size might play a role
since Castanet et al. (2003) saw them in grey mouse lemurs before Kohler et al. (2012) saw them
in ungulates. Body mass and relative size in mammals may also play an issue. Another question
could be is this the same in mammals that are non-ruminants, for example bears that hibernate?
Hibernation is a drastic change in the arlimmetabolism, so something interesting with LAGs
would be highly likely. 1t would also be likely from M. lturra-Cid et al. (2010) and F. M.

Guarino et al. (2008) that double LAGs could be present in bears, due to hibernation length and
or altitude of the hibernator. It would prove valuable if these lines truly showed a relative map
of the animal’s metabolism. It also seems that LAGs could be altered or wiped out by osteon

formation, after bone remodeling. This could hide or interfere with the understanding of LAGs.
If LAGs are dependent on metabolism this could be used to show age of an animal

(skeletochronology) that is of course if one has access to their bones. Comparing LAG’s mineral
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content to that of cement lines may provide some in site into that material properties and
functions. While comparing the number of LAGs to known age may provide insight into age,

climate, food, and other possibilities.

Scanning Electron Microscopy (SEM) Energy Dispersive X-ray Spectroscopy (EDS)
Overview 1.4

A SEM is an instrument that uses a beam of electrons that are focused at a sample's
surface (Boyde, 2012; Vermeij et al., 2012). The electrons then interact with the atoms of the
sample. These interactions can result in a variety of outcomes which specific detector can pick
up on, and provide analysis of such interactions. The variety of types of resultant interactions
include: secondary electrons (SE), backscattered electrons (BSE), X-rays more commonly called
characteristic X-rays, and possibly light in the form of luminescence (Boyde, 2012; Vermeij et
al., 2012; Friel, J 2003). Luminescence is a lower energy wavelength than X-rays. These lower
energy waves could fall anywhere between the ultraviolet, visible, infrared, and even long
wavelengths such as radio-like waves. Generally the SEM is used more for the general
understanding of the topography of a sample. This is achieved by the summation of the resulting
information collected after a beam of electrons have been passed over the sample. The beam of
electrons is passed over the sample to a single point. Information is collected from that point and
the point of the beam is then moved to a new point. All of the data from the collector from each
of these points is then added up to make a digital picture (Boyde, 2012; Vermeij et al., 2012).
The image can have a very high level of resolution when compared to light based microscopes.
This is due to the fact that electrons have a “higher level of energy” resulting in a smaller

wavelength when compared to visible light spectrum. This is easily shown and calculated by the
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de Broglie wavelength equation (Engel et al., 2010). Shorter wavelengths have a higher level of
energy, thus improving the resolution of an image. There is a caveat though, with shorter
wavelengths. Since the shorter wavelengths have a higher level of energy imparted in each wave
packet, there is a point where the energy becomes a destructive process. By a destructive
process, one means that the sample will be sacrificed in the process of analysis. Generally this is
not a problem with SEM since the energy needed to view bone is not high enough to cause
damage, and bone is generally more robust to beam degradation than other tissues samples. That
being said, it is still possible. SEM is generally considered a non-destructive analytical method,
though. Generally destruction is only a concern when more delicate or very small samples are
used.

The EDS is an attachment to the SEM instrument. The EDS is a detector that X-rays of
all energies are detected (Friel, 2003). As before, the SEM is using an electron beam to excite
characteristic X-rays from the material being analyzed. Friel goes on to say that X-rays are
absorbed in the active region of a crystal that is inside the detector. As these X-rays are absorbed
they generate charged pulses that can be used to determine the X-ray's energy that caused the
pulse. This is due to the fact that the energy is proportional to the charged pulse in the crystal
itself. This allows for all of the X-rays that hit the detecting crystal to be analyzed basically
simultaneously due to the ability of the crystal to act in such a way there is a limitation that this
imposes (Friel, 2003). Since the X-rays come into the crystal and all are analyzed, there is no
need for focusing the X-rays, according to Friel. This is nice in the fact is makes it easier and a
challenge at the same time. This is due to the fact that the detector can only intake the X-rays
that are given to it. An analogy would be a person looking out a window in a house. If a person

was to stand ten feet away from the window and look out, the picture that they would see is a

28



smaller portion than if they were one foot away from the window looking out. This analogy to

the field of view of a person relates to an EDS and its solid angle. Friel gives an equation for the
solid angle. He says that the solid angle is equal to the active area of the detector divided by the
distance of the detector to the sample, squared. Generally the active area of the detector is a
given and is also a constant, unless multiple detectors are used. Moving the detector closer to the
sample could be a way to improve the solid angle, yet this also poses an issue since there is only
so close the detector can get before one would ram the detector into the central column or stage
of the SEM. All of this must be taken into account in order to help one understand the findings
that they are getting from an SEM EDS.

Interaction volume of the sample also plays an important role in the actual results that are
obtained. Interaction volume can be defined as the volume or penetration that electrons are able
to obtain when bombarding a sample. This volume is roughly tear drop shaped (Skredos et al.,
2005; Friel et al., 2003; JEOL, 20153ee Figure 8, page 29, it shows an illustration of the
interaction volume and its tear drop shape. See Figure 93fagigows a CASINO simulation

of the interaction volume, for two different accelerating voltages.
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Figure 8: Shows an illustration of an interaction volume. This volume iswhen a sample is bombarded with
electrons, secondary €electrons and x-rays are emitted.
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In the Skredos et al. 2005 article, this point of accelerating voltage is brought up. It is pointed
out that in the Burr et al. 1988 article, an improper accelerating voltage was used. Accelerating
voltage is important in SEM and to SEM EDS. Accelerating voltage could be defined as the
potential energy used to project the electrons towards the sample. When using the SEM, it is
important to go with as small of an accelerating voltage as possible. This lower accelerating
voltage will prevent damage and charging of the sample. Burr et al., 1987 and 1988, were trying
to look at a pseudo-flat surface and trying to extrapolate grayscale values. From the previous
grayscale data Burr et al. 1987 and 1988 thought that cement lines would be more mineralized.
The 60 kilo electron volts (KeV) accelerating voltage Burr et al. 1987 and 1988 used, was
significantly larger than one needed or expected. This higher accelerating voltage would cause a
larger interaction volume and would make it harder to truly understand what one was analyzing.
Higher accelerating voltages will give better resolution at high magnification, but can cause
damage and artifacts (JEOL, 2015). A higher accelerating voltage could be used for high
resolution images, at high magnification. Burr et al., was only at 4000x which even on an early
2000's SEM is considered lewmagnification, and as such would not need such a high
accelerating voltage. Burr et al. 1987 and 1988 did use a JEOL 100CX TEMSCAN SEM. The
exact specifications of the instrument are unknown, so it is possible that 4000x was high
magnification for that instrument. If this is true then the higher accelerating voltage of 60 KeV
could be used to obtain more resolution. Either way, accelerating voltage plays a key role in
interaction volume, resolution, and potential sample dam@ge.Figure 1(page 31, shows

another CASINO simulation of the interaction volume, but this time tries to predict the

penetrations volume in the X, Y, and Z planes.
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Figure 9: Shows the tear drop shape of the interaction volume. It traces the simulation of electrons impacting on
the surface of a sample made of the same elements as bone. Each continuous line represents a simulated el ectron.
On the left is 15KeV and on theright is 60 KeV.

-3027x x nm  3027x nm -31742x nm 31742x nm

-253027z nm -281742z nm

e —=250000z nm -250000z nm

-246973z nm -218258z nm

Figure 10: Shows a prediction, in depth and width, of the interaction volume for both 15 KeV and 60KeV. The
width isthe same in the X and Y directions.

In SEM EDS the accelerating voltage is much more important than in only SEM images.
The accelerating voltage must be larger than the energy needed to excite the X-rays of the
element in question. Generally it is better to know what elements you think there are vs. blindly
looking in a sample and tuning the accelerating voltage to see what one finds. If there is not
enough energy then there are certain characteristic X-rays for elements that will not be excited.

There is a table that is generally used with any SEM EDS that tells the user the proper
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accelerating voltage for the elements that they are interested in. Generally also a rule of thumb is
to make the accelerating voltage approximately2 times the energy of the element with the

highest excitation energy. Too high of an accelerating voltage could cause artifacts or
unintended excitations (JEOL, 2015).

The Skredos et al. 2005 article tries to show that when ones uses grayscale to determine
the characteristic such as high or low mineralization, interaction volume plays a role. Interaction
volume is important since when looking at cement lines in the case, one does not know what is
below the surface. Assumptions that cement lines are straight like how they look on the surface
may lead to improper conclusions. It is important to remember that cement lines are 3D
structures that one cannot predict how they act below the surface. So it is important in the SEM
back scattering to get as small of an interaction volume as possible, since as the deeper one
penetrates the sample, the less one actually knows what is being detected. Since Burr et al.
(1987 and 1988) used 60KeV, which is a larger than one would expect, then their findings might
be somewhat inconclusive. This is due to the larger interaction volume and the unknown nature
of what is below the surface. Skredos et al. 2005, hypothesizes that the Burr et al. (1987 and
1988) might be getting as much as 35um of penetration below the surface. CASINO simulations
back up this claim. Skredos et al. (2005) used 20 KeV, which is better but still seems a little
high for back scattered electron detection. 20 Ked/here acceptable acceleration voltage for
SEM EDS. Skredos et al. (2005) predicts that they are getting less than 10um of surface
penetration, at 20 KeV. CASINO simulations back up thisrtlai

Accuracy of EDS, will give a relative concentration of minerals in both the cement lines
and LAGs. Relative being that with both the cement lines and LAGs, there will be a percent

concentration of a specific element (calcium, phosphorous, etc). Even though this is not
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guantitative, it will suffice to compare the relative mineral compositions, and should provide
enough evidence to relatively compare the elemental make up of cement lines and LAGs. Since
standard EDS is not really quantitative but qualitative, it is hard to directly compare between
samples. It could be possible to relatively compare LAGs and cement lines in the same samples
though. As pointed out by Skredos et al. (2005) the smoothness of the surface plays a key role in
EDS. Skredos et al. (2005) showed that any surface features could change the interaction of the
electrons, thus changing also how the X-rays are released. This means that surfaces that are not
“flat” could provide misinterpreted results. These misinterpreted results could be false positive

or positive false for elements. Since all bone by its very nature is porous this already makes it
difficult to analysis. Adding on top of that the processes needed to get the sample to the SEM
EDS, could further complicate the analysis. Polishing and flat cutting play an important role in
the preparation of the sample. With cortical there is at least a lot less porosity to deal with than
say tubercular bone. It could also be pointed out for all of the points that Skredos et al. (2005)
brings up about Burr et al. (1987 and 1988), there are some limitations that they do not bring up
about their own study. Since bone is porous by nature one might say that there is no level of
sample preparation that could make it “flat”. Skredos et al. (2005), tries to battle the qualitative

nature of EDS by using quantitative EDS. Quantitative EDS is the use of highly pure standards.
Since the concentration of these highly pure standards is known, one could extrapolate, with
math and isolation of key variables, the concentrations of specific elements in the sample. This
method should not really be called quantitative EDS, but more it is a way to reduce variance and
provide less error than standard EDS. While in Skredos et al. (2005) tried to isolate some of
these variables specifically: use of quantitative over qualitative EDS, monitoring of beam current

to make sure that was held “constant”, and also tha take off angle should not change if the
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working distance is not changed. Bone is by its nature porous, that being said Skredos et al.
(2005) had an impressive polishing procedure, but would that be enough for quantitative EDS?
How are holes (from cells, freezing, Haversian canal, and\or etc) missed? The limitation of the
sample is something one would have expected Skredos et al. (2005) to bring up.

As discussed in section 1.3 on cement lines, Skredos et al. (2005) article seems to
encompass much of the history on the SEM and bones. Specifically Skredos et al. (2005),
addresses what happened in the past with SEM and what is generally accepted. In the past only
SEM images, specifically in backscatter mode, were used to determine mineralization. sThis wa
done through the use of grayscale and brightness of regions. It was argued that lighter regions
were more mineralized, and this was debated. It seems that brighter regions in bone are now
generally accepted as regions of higher mineralization. SEM EDS was used to determine if the
grayscale conclusions were supported or not. Skredos et al. (2005) article, while not while
conclusive did show significantly higher levels of Ca in cement lines than the osteon. The part
that was not conclusive in the Skredos et al. (2005) article was that there was no significant
difference between cement lines and interstitial bone. With the inquiry into LAGs, it is thought
that the same principles the show cement lines to be hypermineralized could be applied to LAGs.
LA Gs are similar in shape to cement lines. As of now, it is unknown if anyone has used SEM
EDS on LAGs in the same fashion as was performed on cement lines. Instead of encompassing
an osteon, LAGs encompass an entire circumference of a bone at the time they are formed. Also
LAGs are brighter than the surrounding bone, similar to cement lines and their surroundings.
LAGs are not as well studied as cement lines, and their definition is more fluid as of now. This
is shown that in the padtakes and Saha, in their 1979 article called LAGs cement lines. Also

LAGs are well documented in ectotherms, specifically reptiles\dinosaurs, but endotherms pose
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more questions than answers, currently. There is a current need for more study of LAGs,

specifically in endotherms, and more study of bone in SEM\SEM EDS in general.

Light Microscopy 1.5

Cement lines, LAGs, and annuli can all be counted in light microscopy. Toluidine blue
has been used to stain cross sections of bone (Osborne et al., 2005; Hall et al., 1993). It stains
cement lines and LAGs, but not annuli. Cement lines and LAGs will be blue, and annuli will
show up white (Halkt al., 1993). Also if a polarizer is used LAGs show “birefringent narrow

lines” and annuli show anisotropic pattern (Hall et al., 1993).

Hypothesis and Specific Aims 1.6

Health related issues are on the precipice of becoming a new monster in the future of
mankind. The next great frontier is space. It seems now more than ever that it is well within the
lifetime of many living humans. As being a new frontier, it will bring about a slew of new
problems humans must face. Many of which will be how to adapt humans to outer space or how
to adapt outer space to humans. Specifically, one major health problem will be bone health in a
micro-gravity or zero gravity setting. Nature has spent many years evolving mankind to the
environment that is earth. To inject out species into a whole new environment and expect no
issues is foolish. Bones have evolved to respond to certain stimuli, such as gravity. The removal
of cyclic loading through gravity would cause the bone's natural processes to reduce overall bone
mass. Even though this is somewhat far off problem for most people, it has an analog that is
currently a large issue that is or will be for most people. Both osteoporosis and disuse

osteoporosis are outcomes that simulate what would happen to bone in a micro-gravity or zero
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gravity setting. This gives current issues that can be addressed now, and hopefully applied in the
future. Biomemetics have proven to give humans many jumps, in technology, throughout time.
Hibernators provide an example that is different, and possibly the answer to both osteoporosis
and disuses osteoporosis. Understanding hibernation in other animals can give insight into
solutions. Many of the current solutions, for osteoporosis and disuse osteoporosis, show little
benefits. Other solutions are “band-aid” like patches that wear out and can cause even worse

failures. Large hibernators, like bears, have shown in previous studies the ability to drastically
decrease their metabolic rate. Also, bear hibernators have a more continuous hibernation pattern
much like an extended sleep. By this is it means they go into a hibernation state and come out
only when they are done hibernating. This differs from previous studies on small hibernators

that hibernate also, but have brief periods during their hibernation patterns where they wake up.
In large hibernators, like bear, they have shown the ability to actually protect bone from
resorption, due to disuse. Normally this much disuse would cause disuse osteoporosis, similar to
if humans tried this. Humans may have to try something like hibernation for extended space
flights, which may take many years to arrive at their destination. Studies on bears have shown
the ability to even have some bone turnover in a hibernating state. Understanding hibernating
states could go a long way into understanding how bears are able to not lose bone mass. This
brings up states of slowed growth and cessation, in bone. Cement lines and LAGs are those
regions or boundaries of slowed growth and cessation. In LAGs this is indicative of reduced
metabolism, and the complete cessation of bone growth. With a better understanding of LAGs,
these lines could be used not only to age, like in skeletalchronology, but to be markers of points
when there is no radial bone growth. Comparing LAGs to the better understood cement lines

could provide some insight into the makeup and mineralization of LAGs. Understanding how,
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when, and how many LAGs form in a population could provide a time set of when LAGs form.
A better understanding of LAGs could provide future researchers the “time stamp” to extrapolate
the chemical, biological, and mechanical forces that allows bears, during hibernation, to avoid

overactive resorption due to disuses.

Central Hypothesis1 1.7

LAGs' composition will be similain composition and size to that of cement lines, both being
more mineralized than surrounding bone. This is due to the formation of both lines, which are
regions or boundaries of slowed growth, in cement lines, and slowed growth followed by

cessation, in LAGs.

Aims11.8
Assess LAGs and cement lines, to determine a similarity between thededive chemicia

composition.

Task 1: Chemically fix, embed, and polish; samples making SEM EDS is possible.

Task 2: Run SEM EDS to determine the chemical composition among LAGs, cement
lines, and surrounding bone.

Task 3: Draw conclusions and perform an analysis on the LAGs to further the

understanding of LAGs.
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Central Hypothesis2 1.9
LAGs are suggested to form during a period of metabolic suppression. Since bears experience
extended region of metabolic suppression, hibernation, there should be one LAG for every year

the bear is alive.

Aims21.10

Compare LAGs size and number in both SEM and light microscopy.

Task 1: Compare measurements on LAGs in both light and electron microscopy.
Task 2: Count the number of LAGs in both light and electron microscopy.
Task 3: Plot graphs to draw conclusions and an analysis on the number of LAGs, when

there is a known age for each sample.
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CHAPTER TWO: METHODS AND MATERIALS

Samples 2.0

Six Utah black bear femurs were used for the mineral comparison of cement line and LAGs.
Samples had already been frozen in #C20eezer and most all the flesh had been removed.
Previous sample care is personally unknown. All black bear samples were from hunted animals
that were killed in Utah. Samples were put on ice and delivered to the lab. At the lab they were
processed and frozen in a °@0freezer. During sectioning and times before chemical fixation,
none of the samples were outside of théC2deezer for more than fifteen minutes. The black
bear bones were grouped by age and randomly selected from these groups. This was done by
grouping scheme: 1-2, 3-4, 5-6, 7-8, 9-10, and 11-12. As said before from each one of these
groups a sample was randomly selected. All samples were males. All animals’ ages were given

to the lab from the sample collectors. All animals were aged through the counting of lines, in
their dentin.

Four grizzly bear femurs were used to investigate if there was visible proof of a LAG
forming on the periosteal surface during hibernation. Samples had already been frozen in a -
20°C freezer and most all the flesh had been removed. Previous sample care is personally
unknown. All grizzly bear samples were from humanly sacrificed animals at Washington State
University. Samples were frozen and delivered to the lab. At the lab they were processed and
put into a -26C freezer. During sectioning and times before chemical fixation, none of the
samples were outside of the 2@0freezer for more than fifteen minutes. Of these grizzly bear
samples there were two sets of two. This means that two of the samples were of the same age

and sex. The other two were also of the same age and sex, but different in age compared to the
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first set of grizzly bear samples. The first set of grizzly bear samples were one. The second sets
were twenty. Within each set one grizzly bear was sacrificed in the summer and the other was
sacrificed during hibernation. This was done to have “relatively similar” bears but one

hibernating and the other not.

General Sectioning 2.1

General sectioning was achieved through the use of a small vice and hand hacksaw. The
sample was placed into the vice. Foam was used to protect the bone from the teeth of the vice
and distribute the force of the vice. A fine tooth hand hacksaw was used to cut the samples. If
the sample showed signs of getting warm due to friction, the sample was removed and cooled
again. This was done to prevent the sample from heating up and esttyrgatically
degrading. One and a half inch sections were cut from each sample. Since the samples had
previously had some of the mid diaphysis removed for other experiments in the lab, another
region had to be selected. Even though the mid diaphysis is ideal, other regions close to the mid
diaphysis will work. To keep this region similar among all samples the data for the length of all
bones before being sectioned was used. Previous data was retrieved on the overall length of each
bone before section. From this a percent length of the bone was determined, for whicé all bon
had sample to remove. This turned out to be 38% of the overall bone length from the femoral
head. From this 38% point, 0.75 of an inch was measured from each side of this mark. This
gave the overall one and a half inch section that was desired. Figure 11, page 41, shows an
example of this section. This section was then removed with the hacksaw and vice as described

above.
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Figure 11: Shows a sample of the sectioned bone after cutting.

Chemical Fixation 2.2
Chemical fixation was accomplished by following Boyde's 2012 procedure for fixing

bone, in SEM. IBone Research Protocols (2012), Boyde describes his protocol for fixing

bone, in preparation for SEM. Boyde's SEM fixative is as follows: 2.5% glutaraldehyde, 1%
formaldehyde, and 0.15 M sodium cacodyalte, at a pH of 7.3. This solution was specifically
used due to the speed at which it fixed the sample. With both the two fixing ends of
glutaraldehyde and one fixing end of formaldehyde, the chemical fixation process was achieved
in approximately 48 hours. The speed of fixation was important due to extended enzymatic

degeneration could have been visible at the level of the SEM. This was done to prevent as little
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structural damage as possible to the sample, during fixation. In this case specifically 600mL was
made to fix the black bear bones and 400mL was used to fix the grizzly bear bones. For the
600mL 7.5g of paraformaldehyde (500g Alfa Aesar CAS:30525-89-4) was weighed out on an
electric balance (goes to ten-thousandths). This was then added to 75mL deionized (DI) water.
The mixture was stirred on a stirring hot plate, with the use of a magnetic stir bar. The solution
was heated to approximately’@ When this temperature was reached NaOH (5009 Fisher
Scientific CAS:1310-73-2) was added dropwise, until the precipitant dissolved back into
solution. The heat was turned off. The solution should now be a 1% formaldehyde solution. In
another beaker, 19.2618g of sodium cacodylate trihydrate (25g Electron Microscopy Sciences
CAS:12300-25) was added to 450mL of DI. This solution was also mixed via a stirring hot
plate, with the use of a magnetic stir bar. In this case no heat was used to mix the sodium
cacodylate trihydrate solution. To the sodium cacodylate trihydrate solution, 60mL of the tota
75mL 1% formaldehyde solution was added. Next, 60mL of 25% glutaraldehyde was added to
the sodium cacodylate trihydrate solution. Then, 30mL of DI is added to reach 600mL total
solution volume. This solution was a bit basic and did not match the pH of 7.3 that Boyde

initially stated inBone Research Protocols (2012). To the solution HCI (500mL Fischer

Chemical ACS certified LOT:116239) was added dropwise. After each drop the pH was tested,
with pH strips, until the pH approximately reached seven. Then 100mL of the solution was
added to small 150mL beakers, with the black bear bone sections sitting in the bottom. These
small beakers were used due to the fact they were narrow as possible to still fit the black bear
samples, but tall enough fit the 100mL of fixative solution. In a larger beaker more fixative
solution would have to be used to cover the samples. Multiple bones would have to be put in the

larger beaker to make up for the waste of the excess solution needed to completely cover the
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sample. In this case smaller beakers were used, such that each sample had its own beaker and
approximately 0.5 inches of fixative solution above the sample. All samples were left for 48
hours and then removed from the fixative solution and placed in 70% EtOH, for storing. The
grizzly bear samples were fixed the exact same way as the black bear samples. The only thing
that was different was only 400mL of fixative solution was made not 600mL. This was done

since there was only four grizzly bear samples compared to the six black bear samples.

General Drying and Embedding 2.3

All samples were stored ir0% EtOH. In preparation for embedding, the samples
needed to be dried. Atmospherig@Hand HO left over in the sample needed to be removed
before embedding. The concentration of EtOH is gradually increased over several days to
remove HO. The samples were left in fresh 70% EtOH for one day. Then every 24 hours the
solution was replaced with a 10% greater concentration of EtOH, until 100% EtOH is reached.
After 24 hours in 100% EtOH, the sample is ready for embedding.

All samples were embedded in Buehler EpoThin, two part epoxy. See Figure 12, page
45, it shows both the hardener and the resin bottles. An Epoxy was used over the traditional
Polymethyl methacrylate (PMMA). This was done due to the approximate shrinkage of each
resin, during hardening. It was approximated that PMMA, which is in the acrylic family, had a
+\- 10% change in size during curing. It was also approximated that Epothin, which is in the
epoxy family, had a +\- 3% change in size during curing. The smaller change in volume during
curing would cause less damage to the micro-structure, and should provide a better image under
electron microscopy. EpoThin was mixed in a 2:1 ratio of resin to hardener. This 2:1 ratio was

by volume and not by weight. The 2:1 by volumes cure was good enough and it did not seem
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that a 2:1 by weight was needed, to be that accurate. The two parts were added together in a
plastic disposable container. The mixture was then hand mixed for five minutes with a wooden
tongue depressor\popsicle stick. Approximately 50mL of mixed EpoThin was needed for each
sample, with our container size. Plastic 100mL beakers were used to embed the samples. The
plastic beakers allowed flex which helped in removing the puck. When the resin was added, it
was added to have approximately 0.75 inches, of resin, above the sample. This extra resin on top
allowed for the IsoMet to have most all if not all the bone to be finely sectioned, if needed.

The samples, now covered in EpoThin, were placed inside a desiccator. It was placed
inside the desiccator not for its desiccation\drying ability, but it was the only container on hand
which a vacuum could be drawn on. A pump was hooked up to the desiccator to draw a vacuum.
Once the desiccator was pumped down ten minute timer was started. These ten minutes was
used to degas the resin. After the ten minutes were up, the samples were slowly returned to
atmospheric pressure. They were left in the desiccator with the lid off to cure, for 48 hours.
Desiccant was removed before this, in order to not waste the desiccant. This turned out to be a
very important step that was learned the hard way, but luckily it was on a practice bone. Without
degassing there will be a lot of bubbles that make it hard to cut, since the blade can jump around
when it hits a pocket. Also one could get unlucky and get a bubble next to the bone, which
makes that section weak at holding on to the bone. Degassing then pouring resulted in a lot of
bubbles. Leaving the samples to cure under vacuum resulted in large pockets in the resin. The
best outcome was to do as stated: pour the resin over the samples, then pull a vacuum on the
samples, once a steady vacuum was reached then a ten minute timer was started, after ten
minutes the samples were brought back to atmospheric pressure, and left undisturbed to cure for

48 hours. After the 48 hours the samples were pried from the plastic beakers with a scoopula
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and a bit of tapping the plastic beakers onto the table. The samples were now encased in
EpoThin, which is generally called the puck. See Figure 12, below, it shows an image of a puck,

with a bone embedded.

Figure 12: Left shows both the resin and hardener used in the embedding process. Right shows an embedded
sample.

Fine Sectioning and Polishing 2.4

Now that the samples are embedded, fine sectioning can begin. Fine sectioning was
achieved through the use of a Buehler IsoMet 1000. See Figure 13l #ghows an image
of the Buehler IsoMet 1000. The IsoMet is a diamond tipped saw used to cut thin sections of the
bone. The samples had six 300 micron thick sections cut off. Originally these sections were cut
much thinner, on the order of 100 microns. The 100 micron thick sections would warp on
drying. This was after polishing which would remove approximately 40 microns. This was
too thin to keep the sample semi-flat. Even if the samples were dried under a weight, in an
attempt to flatten the samples. In the end slightly thicker samples were used to eliminate most of
this warping, after drying. The IsoMet is a lubricated saw. In this case only water was used, as a
lubricant. It is suggest that methylated spirits could be used to add rigidity to the sample. The

sample was rigid enough with the addition of the epoxy. Samples were cut and dried under an
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aluminum block. This was used so the samples would dry flat. Sections were then labeled and

the inner side was selected for polishing. The outer side was labeled with permanent marker.

The quadrants and animal number were written on this outer side.

Figure 13: Left shows the Buehler 1soMet 1000 that was used to finely section the bones into 300 micron slices.
Right shows the IsoMet 1000 cutting a sample.

With the samples finely sectioned, polishing could begin. Polishing was achieved
through the use of a Buehler MetaServ 250. See Figure 14, page 47, it shows an image of the
Buehler MetaServ 250. The MetaServ is a motorized wheel that circular disks of sandpaper can
be attached to. The MetaServ provides consistent speed and a timer in which to polish the
sections. Sections were hand polished since the lab did not own the automated arm that can be
attached to the MetaServ 250. Hand polishing is by its nature less reliable and reproducible, as
an automated arm that can provide consistent pressure and rotational speed. That being said all

attempts were made to improve hand polighin
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Figure 14: Shows the Buehler MetaServ 250 that was used to polish sections of bone.

Initially 600, 800, and 1200 grit sandpapers were used to polish the sections. When these
sections were analyzed under the SEM scratches and deep groves could be seen. It was
determined that the 600 and 800 grit sandpapers were too low of a grit sandpaper to use. In this
case lower grit sandpaper implies the larger the average size of the silicon carbide crystals. In
turn, higher grit sandpaper will have smaller on average sized silicon carbide crystals. The
smaller the abrasive the finer polish, but the less the material is removed. While the larger the
abrasive the less fine the polish, but the more the material is removed. In the end it was
determined that 1200 grit sandpaper was best when used alone. This method provided: a reduced
polishing time, less materials used, and good enough polishing for the SEM.

In an ideal set up 600, 800, and 1200 grit sanding would be done. It would take a lot of
800 grit sandpaper to smooth out the 600 grit sanding. Also it would take a lot of 1200 grit sand
paper to smooth out the 800 grit sanding. After this, one could move on to progressively smaller
diamond suspensions, to further polish the section. This ideal polishing clearly takes a lot of
materials and a significant amount of time. This could be done for a few extremely high quality

samples. Adding many samples to this could lead to a significant amount of time. Again this
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really only applies for hand polishing. If an automated arm was used then the time issue is less
of an issue. Since there canagnificant decrease in attention and an increase in general
exhaustion when hand polishing, limiting the time polishing proved beneficial. Otherwise many
breaks would be needed or multiple researchers would be needed. However, multiple
researchers could introduce multiple styles of hand polishing. This could be another variable
that is less controlled if multiple researchers are used to polish samples. The material usage
would still most likely be the same. This is due to the fact that the sanding disks are not
supposed to be used for more than five minutes of total polishing time. As the sand paper
polishes, material gets stuck on the paper and silicon carbide crystals get dislodged from the
paper. In order to keep a pristine polishing surface it is not recommended to polish on the same
sandpaper disk for more than five minutes of total polishing time.

All sections were polished with the same method. The original inner side selected in the
previous fine sectioning section is selected as the side that will get polished. A clean 1200 grit
piece of sand paper is attached to the spinning wheel. The speed of the wheel is set at 250
RPMs. The coolant used is again just water. Again methylated spirits could be used to add
rigidity to the sample. The sample was rigid enough with the addition of the epoxy. A one
minute timer is set and the wheel is started. The inner surface of the section is lowered onto the
spinning wheel. Four fingers, the left and right pointer and middle fingers, are used to stabilize
the section. The section is then moved counter-clockwise around the wheel. The wheel spins
clockwise. The counter-clockwise rotation is used to actively change the angle of the silicon
carbide crystals on the section. This is an attempt to prevent large grooves from forming if the
section was held in one place for the full time. Previously the section was held in one place and

rotated 45 degrees every thirty seconds. This did not prevent large grooves as much as the
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counter-clockwise rotation. After a minute of this the wheel stopped and the section was turned
over. The surface was thoroughly cleaned under the lubricant sprayer. The sample was turned
back over and this above process was repeated, but for two minutes of counter-clockwise
rotation. The wheel stopped after two minutes and again the inner surface was thoroughly
cleaned under the lubricant sprayer. The whole two minute process was repeated again. This
totaled five minutes of polishing. After this the inner surface was again cleaned under the
lubricant sprayer. The 1200 grit sandpaper disk was removed and a new one was placed on. The
whole five minute process was repeated for a total of twenty minutes on the timer or four pieces
of 1200 grit sandpaper. This process of twenty minutes of total polishing was done for one
section from each sample. The sections were dried again under an aluminum block, to prevent
warping. The sections were stored in a case with desiccant for two to three days before moving

on.

Fine Drying and Sample Transport 2.5

The fine drying and sample transport was only done when it was known that SEM was
coming up. Fine drying included putting sections into a glass desiccator and pumping it down.
The sections were left under vacuum for a day before moving to the sample transporting system.
The sample transporting system included a self-made set up. This was done in order to move the
samples to the SEM, while keeping them under vacuum, but not having to carry around a large
desiccator. The large desiccator was hard to transport over the distance needed to get to the
SEM. An empty micropipette tips box was used to house the sections. Desiccant was placed in
the bottom of the tips box. The plastic tip holding section was then placed back and the sections

lay on top of this. See figure 15, page 50, it shows the tips box. Toothpicks were used to hold
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the sections in place, at least until they were scanned in the SEM. After the SEM, copper tape
held the sections in place and the toothpicks were no longer needed. The top of the tips box was
then closed. Four holes were drilled in the outside of the box to allow air to move in and out.
Ziploc vacuum seal bags were then used to provide enough a vacuum to transport the samples to

the SEM. Air had to be removed from the Ziploc vacuum seal bags every time the bag was

opened.

Figure 15: Left shows the modified tips box and the general use of copper tape. Note: the copper tape may not bein
theright orientation. It isextremely sticky and sometimes pulls off in the removal of the sample from the grounding
plate. Sincethese samples were done the copper tape was put back on to hold them in the box, orientation was not
taken into account. Right shows the vacuum system to transport the samples to the SEM, on the day of scanning.

Carbon Coating 2.6

Samples were transported to the SEM building under vacuum. This was done through
the use of Ziploc vacuum seal bags as stated in the Fine Drying and Sample Transport section
above. Samples were removed from the vacuum and put into the carbon depositor. The carbon
depositor was a Kinney model KDTG-3P. The samples are put on a platform below two rods of
carbon. One rod is sharpened while the other is flattened. Then tip of the one rod is pressed
against the flat surface of the rod. A glass bell fits over the platform and the carbon rods. Both a

mechanical and diffusion pump is used to generate a high vacuum, in the bell. The samples are
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pumped down I8to 10* torr. The pumps require water cooling and also liquid nitrogen.

Liquid nitrogen is used as a coolant also and as a trap. The trap is trying to catch any that could
be bad from going into the air. Once the sample is pumped down the power is turned on to those
rods. The voltage is slowly raised to a desired point. In effect the current is also raised since the
resistance of the material is not changing. Welding glasses are needed to look at the samples and
rods now. The carbon is then heated, due to the resistance generated from the use of larger
amounts of current going through the carbon rods. The carbon is then evaporated onto the
sample(s) below. This voltage is held until: one is done, the rods break, or excessive sparking.
Sparking is a bad sign, showing the rods are not contacting each other well. If the rods break
before desired level of coating, then one must wait for the rods to cool. After cooling, the rods
must be sharpened\flattened and pressed together again. Many times multiple coating attempts
were needed to get the desired levels of carbon coating. This was due to the fact that the rods

break fairly easily. See figure 16, below, it shows the carbon depositor, power controls, and

platform\rod area.

Figure 16: Shows the carbon depositor. Left isa picture of the entire instrument, minus the glassbell. Right, isa
close up of the platform and the carbon rods, being pressed together.
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Carbon was chosen over gold in this case because of carbon's superior qualities in EDS.
A carbon coating provides better data in the EDS phase. It does this by having fewer peaks in
regions that interfere with elements of interest. That being said, since it is carbon by its very
nature, one could not analyze the carbon in the sample. Carbon being a staple of all organic
molecules could be an issue, if one is looking at an organic sample, and for information on
relative carbon concentrations. Coating a sample in carbon would also completely obscure any
regions of higher carbon concentration. In short, it would not be advised to use a carbon coating
if one is trying to look for carbon in a sample, whether that being carbon alone or part of some
molecule. Besides the inability to look for carbon with a carbon coating, another drawback of a
carbon coating is a reduction of resolution in SEM images. This is only an issue once you go
over 10,000x (high resolution). Gold is far superior in this case. It provides better images and
does not have the issues of lowered resolution at high magnification. A gold coating was tested
but it had a peak in the EDS that overlapped with the phosphorous peak and phosphorous is a
key element to look at in bone. In this case no more than 2500x was needed, so the carbon

coating is the best choice.

SEM 2.7

The SEM in the Central Instrument Facility at Colorado State University was used. At
this time, the Central Instrument Facility had a JEOL JSM-6500F. The samples were taped down
to a 2.5 inch diameter round holder. See Figure 17, page 54, it shows the SEM used and a
holder. One piece of copper tape was laid down over the middle of the sample; splitting it into
two half circles. The tape was carefully placed in the middle of the medial and lateral locations.

This was done such that the anterior and posterior regions of the cross section were not obscured.
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The anterior region was of particular interest, since that was the region that all cement lines and
LAGs that were analyzed, came from. This was in an attempt to isolate the regional variables
down to one region. This is due to the fact that different regions of long bones are loaded in
different ways. For example, in a human femur, medial regions are loaded more in compression
where lateral regions are loaded more in tension. Going back to the tape, copper tape was used,
instead of carbon tape, due to its better grounding and less outgassing. The type of copper tape is
unknown, as it was what the Central Instrument Facility provided for the SEM. One side of the
copper tape was adhesive, while the other side was just plain copper. See Figure 15,ijpage 50,
shows copper tape on several samples prior to removing them from the SEM. This tape was
used to ground the sample to prevent charging. While it did a fairly good job at this, higher
levels of accelerating voltage seemed to be too much for the tape and coating to dissipate. This
is one of the reasons why the accelerating voltage was moved down to as low as possible.
Another reason was to reduce the interaction volume specifically for the EDS, but that will be
elaborated on more in the EDS section. Samples were loaded into the SEM and put under high
vacuum. The stage was centered before the sample was put in. A vacuum of 3.64E-4 torr was
established. The back scatter detector is introduced into the chamber, once the vacuum settles,
the gun valve is opened. The secondary electron imaging (SEI) detector is then turned on. This
allows for the pictures to be taken. The SEI mode is more for orientation and topography, in this
case. Back scatter imaging (BSI) is the more important imaging mode in this case. The BSI
mode allows for the denser elemental regions to show up brighter (white) and less dense
elemental regions to show up darker (black). This elemental distribution is not possible in SEI

mode. The BSI mode is used for all the images and EDS work for this project. The SEI mode
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was used to: find regions of interest, allow for probe current calibration, focusing the scope, and

auto contrast brightness (ACB).

i
i

Figure 17: Left shows the JEOL JSM-6500F used in this study. The top left arrow points out the backscatter
detector. The bottom left arrow points out the sample input chamber. The right arrow points out the EDS. Right
shows a sample holder for the SEM.

An accelerating voltage of 10 KeV was used for the black bears samples, while an
accelerating voltage of 11 KeV was used for the grizzly bears. Both of these accelerating
voltages are as low as possible in this situation. Any lower than 10 KeV, there is a possibility
that calcium would not be able to be excited. If calcium is not excited, then there would be no
elemental data for calcium. So in this case 10 KeV was determined as an absolute minimum
accelerating voltage that could be used for EDS and still get information on the elements needed.

As for probe current, that was varied. This was done for the EDS. It was varied between 6 and
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16 microamps. More about this will be covered in the EDS section. The zoom of the scope and
subsequent images were maintained at certain levels. All osteons were imaged at 330x. Cement
lines were imaged and point selection, for the EDS, was done at 2000x. LAGs were imaged at
35x or 45x to give an overview. LAGs were also imaged and point selection, for the EDS, was
done at 300x. Since the cement lines were much smaller than the LAGs a higher magnification
was necessary to view them. This is why there is a difference in magnification between LAGs

and cement lines.

EDS 238

As stated before an accelerating voltage of 10 KeV was used for the black bears samples,
while an accelerating voltage of 11 KeV was used for the grizzly bears. Both of these
accelerating voltages are as low as possible in this situation. Any lower than 10 KeV, there is a
possibility that calcium would not be able to be excited. If calcium is not excited, then there
would be no elemental data for calcium. The accelerating voltage is generally decided by the
elements. If there are certain known elements of interest this makes determining the accelerating
voltage simpler. There is a table provided at the SEM that shows the energy needed, in KeV, to
excite that element. If the elements are unknown, then this is harder, since one does not know
what they are trying to excite. A large accelerating voltage is then used which is generally not
favorable. The rule of thumb, given by the SEM professors, is that you need 1.5 - 2 times the
accelerating voltage, of the element, to get good excitation. A more conservative amount would
be 2.5 times the accelerating voltage, of the element. Since the excitation of Ca is ~4.4 KeV, 10
KeV was determined as an absolute minimum accelerating voltage that could be used for EDS

and still get good information on the elements needed.
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As before, the probe current was varied. This was done for the EDS. Since the surface
of the bone samples were not perfectly smooth the probe current was varied between 6 and 16
microamps. In the EDS there is a counts per second (CPS) and a dead time. To get good data
the CPS should be 10000 or greater. More CPS means more data per pulse (Hz), of the EDS.
Since there are multiple pluses (Hz) per scan, even for just a point, the CPS can have a
significant impact if it is too low. All of those counts, per scan, are averaged out to get the
overall data. Increasing the probe current will increase the CPS but it generally also increases
the dead time. The dead time is a number that is reflective of data that is not being detected.
This can be due to: the detector, surface of the sample, type of sample, probe current,
accelerating voltage, magnification, and possible others unknowns. This means that for a line
scan and point scan the CPS and dead time can change. This is due to not all points being in the
same place. The initial CPS and dead time are averaged over the whole sample. Generally the
accelerating voltage gets set first. The magnification is the set. Finally, the probe current was
varied to get the CPS high enough, but the dead time not too high. In the present study the dead
time was kept at 30 or lower. It was suggested that this dead time is a good number for the
detector by the SEM professors. For both the dead time and the CPS, they are not static numbers
and vary quite a bit, The rules of thumb of > 10000 and < 30, are based on the does the number
generally average out to be acceptable for those rules. For example if the dead time is below 30
for none of the ten points but for one point it was 40 that were deemed as acceptable.

In the present study the accelerating voltage gets set first, according to Ca excitation.
The magnification is the set, according to the rules in section 2.20 of methods and materials. An
image was then taken of the region on the EDS computer. Finally, the probe current was varied,

between 6 and 16 microamps, to get the CPS high enough but the dead time not too high. From
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this point any scan (point, line, or map) could be done. In the present study point, line, and map
scans were performed. The point scans were the most important to this study. Line scans were
interesting to report, but ultimately could not be compared statistically. Map scans fell in to the
same pool as line scans. For point selection there was 20 points selected for LAGs and 30 points
selected for cement lines. For LAGs: ten points were selected on the LAG and ten points were
selected outside the LAGs (more periostally). For cement lines: ten points were selected inside
the osteon, ten points were selected on the cement line, and ten points were selected outside the
osteon, in the surrounding bone matrix. See Figure 18, page 58, for a graphic of how points were
selected. Three osteon sets and three LAG sets were scanned per black bear sample. Three LAG
sets and three periosteal regions were scanned per grizzly bear sample. With six black bear
samples, it makes 540 data point for osteon sets and 360 data points for LAG sets. With four
grizzly bear samples, it makes 240 data points for LAG sets and 120 data points for periosteal
surface. Line scans were selected arbitrary to cross all sections, stated in the point selection, for:
LAGs, cement lines, or periosteal surface. Map scans use the whole image, so no sectioning is
needed. All point, line, and map scans were done in the anterior quadrant of all cross sections, in

all bears.

57



Figure 18: Shows a graphic of how the points were selected for each sample.

Light Microscope 2.9

Slides were stained before using an internal SOP that was adapted from Osborne et al.
(2005). The slides were stained with toluidine blue and from a previous study. All six black
bears from the SEM EDS data were selected. Another six black bears were selected from the
remaining slides in the same way as was stated in 2.0 above. It was a choice to not expand the
age range but to fill in the age range with more animals that were within this range. Again they
were randomly selected from the age groups, in an attempt to prevent bias. Twelve samples of
Florida bears slides, from a previous study, were also imaged. Florida bears slides were stained
with toluidine blue and the same methods for the previous black bears slides. Again they were
randomly selected from the age groups, in an attempt to prevent bias. Light microscopy images

were taken of each sample. Images of both 4x and 40x were taken. See Figure 25, page 70, for
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an example of the light microscopy images that were taken. From all the images LAGs were
counted and measured, but cement lines were just measured. During the counting, endosteal
LAGs were not accounted for. Only LAGs that were not near or on the endosteal surface could
be counted. The decision behind this is that endosteal LAGs were formed due to modeling of the
bone, in older animals. Endosteal LAGs were not present on younger animals. They were only
present on older animals. It was as if they were their own separate set of LAGs. Since it is
unknown when the endosteal LAGs started, they could not provide an accurate number of LAGs
formed in the animals over its title life. From this it was decided that LAGs not in direct contact
with the endosteal surface would provide a better approximation to the total number of LAGs
formed in the animal, over the course of its life. All LAGs were counted as separate LAGs

After this count, double LAGs were taken into account. This was done by counting double
LAGs as one LAG instead of two separate LAGs. Double LAGs could only be counted if they
were not on the periosteal surface or younger animals. In older animals specifically, LAGs will
stack up on the periosteal surface. With this happening it is hard to determine if there are double
LAGs are present. LAGs stack on the periosteal surface due to the radial growth slowing down
with age. So the determination of double LAGs were very conservative, meaning some double
LAGs could be missed, due to the LAGs stacking on the periosteal surface. Measurement of
LAGs and cement lines were done through a program called Bio-Quant BMi@uant, the

images could be measure through calibration slides present with the light microscope. With the
calibration LAGs and cement lines were measured. Approximately ten to fifteen point
measurements were taken per LAG and cement line. The points were then averaged to get a

distance value. Multiple cement lines and LAGs were then measured in the same way.
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Statistics 2.10

SAS free university edition was used for all statistics. All point scan data was imported
into Excel, and out of PDF format such that statistics could be ran on the data. SAS code was
written to perform a one way ANOVA, with repeated measures, for each element. The ten
points for each element in each section were averaged together. The averages then gave six
points for each element in each section of the bear. Averages were put into a box and whisker
plot for each section and each element. See Figure d85pato see each section of ten points
that were averaged together. Comparisons were made between: LAG vs. cement lines, LAG vs.
outside of LAG, and inside osteon vs. cement line vs. outside of osteon, in the bone matrix.
Normal data assumptions applied. These assumptions were: random selection, normal, and

Gaussian distribution.

60



CHAPTER THREERESULTS

SEM BSE Images 3.0

BSE images showed that both cement lines and LAGs showed up brighter than
surrounding bone matrix. This is true for both black and grizzly bears. Also there is a presence
of brighter lines that do not seem to be LAGs. Endosteal LAGs are also present. These were not
counted due to reasons stated/iethod and Materials Section 2.9. See Figure 19, below, it

shows examples of all bright lines found during SEM BSI.
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Figure 19: On the top left, image A, thereis an example of LAGs and other lines, black bears. The three arrows on
the left, point out an example of lines that do not seem to be LAGS, but still show up brighter than the surrounding
bone matrix. On the top right, image B, thereis an example of an osteon with a surrounding cement line. On the
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bottom left, image C, there is another example of the same lines that do not seemto be LAGs, but still show up
brighter than the surrounding bone matrix. Inthiscasethisisin grizzly bears. The bottom arrow represents these
lines. The upper arrow is showing the periosteal surface. Even though visibly there seemsto be a LAG on the
surface both point and lines scans did not find any significant difference, compared to surrounding bone matrix. On
the bottom right, image D, there is an example of endosteal LAGS, in an old grizzly bear.

SEM EDSData 3.1

This section is to show how data came out of the SEM EDS before statistics were
applied. Spectra and tables were outputted after points were selected. Point selection was
described irMethod and Materials Section 2.8. See Figure 20, below, it shows point and line

scans for both cement lines and LAGs.

CECC(caprmeemr)

Osteon

Figure 20: Both images on top are of the same area. Inthetop left, image A, there is an example of point scan on a
cement line. In the top right, image B, there is an example of line scan on a cement line. In the bottom left, image
C, there isan example of point scan on LAGs. In the bottom right, image D, thereis an example of line scan on
LAGs.

62



See Figure 21, below, for an example of how a point scan’s data is outputted.

kv. 10 Mag: 2000 Takeoff: 35 Live Time{s}: 16.5 Amp Time{us: 1.92  Resolution:(eV) 134
EDS Spot 8
| P
16.2K|
14.4K]
12.6K)
10.8K|
9.0K]|
7.2K|
5.4K
3.6K)
1.8K]
0.0KL
0.00 067 134 201 268 3.35 a02 469 536 6.03

Leec: 165 0 Cnts 0,000 ke Det; Octane Super Det

eZAF Smart Quant Results

Element Weight % Atomic%  NetInt Ermor % Kratio Z R A E
CK 8.56 18.14 1366.15 956 0.0331 1.1841 09229 0.3261 1.0000
NK 000 000 0.06 9399 0.0000 1.1508 09353 0.1431 1.0000
oK 2069 3290 3642 41 982 0.0573 1.1219 0.9461 02470 1.0000
Nak 026 029 119 16.58 00017 1.0077 0.9733 06470 1.0043
Mgk 018 018 111.26 1894 0.0015 1.0218 0.9811 07733 1.0080
PK 2077 17.06 19483 35 302 01932 0.9580 1.0012 0.9534 1.0183
Cak 4952 3143 9048.95 331 04504 0.9290 1.0240 0.9890 1.0097

Figure 21: Point data asit isgiven to the user. Thetop part is a spectra shown what elements the EDS detected and
at what levels. Some elements will have multiple peaks. For example Ca hasthree peaks. Thisis dueto Ca having
multiple excitation phases. When bombarded with electrons these multiple phases can cause different wavelengths to
be given off in a relaxation phase. Na is most likely contaminant from handling. Skin oils and skin cells have a lot
of Na on them, from sweat. This contamination is generally an issue in most spectra, unless oneis being very
careful not to allow skin contact, either through touch or skin cells. Weight percent was used for statistics, from
each of these tables. The K that follows each element is EDSjargon for x-ray emission bands. For all intents and
purposes they can be ignored, since only the element isimportant here.

SEM EDS Statistics 3.2
Comparisons were made between: LAG vs. cement lines, LAG vs. outside of LAG, and

inside osteon vs. cement line vs. outside of osteon, in the bone matrix; for black bears. Lines
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were visually present at the periosteal surface of the grizzly bear samples. Once the statistics
were run on these samples, from the point analysis, it was deemed that this data was not useful

qualitatively.

LAGs321

In the case of LAGs, Ca, P, and O satisfied the assumptions of the ANOVA. Meaning
the data had: variance with no obvious football or horn shapes, distributions that looks mostly
Gaussian and not bimodal, and normality that is fairly linéae Tukey-Kramer method was
used to get an adjusted p-value. There are only two groups, in this case, so the normal and
Tukey-Kramer p-value are the same. Ca showed no significant difference (p = 0.1555) in LAGs
(62.40% + 2.79%) vs. outside LAGs (periosteally) (61.02% * 2.79%). P showed no significant
difference (p = 0.3538) in LAGs (19.47% + 0.85%) vs. outside LAGs (periosteally) (19.69% +
0.85%). O showed no significant difference (p = 0.5424) in LAGs (12.22% + 1.86%) vs. outside
LAGs (periosteally) (11.82% + 1.86%3¥ee Figure 22, page 65, for box and whisker plots for
each element. For C, the sample was coated in C. This made any data obtained not helpful,
since carbon was added to the sample to run the sample in the SEM. The coating process is not
accurate enough to determine how much C was added to each sample. Also the limitations of
SEM EDS would make it hard if not impossible to remove the amount from a percent measure
even if the initial amount of carbon added was a known. For: N, Na, and Mg; there data was not
good statistically. The data for these elements contained some if not all of the things that were
being avoided such as: variance with football or horn shapes, distributions that did not look

mostly Gaussian and normality that was not fairly linear.
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Distribution of Ca by Location Distribution of P by Location
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Figure 22: Box and whisker plotsfor Ca, P, and O. These plots are comparing LAGs. The bottom right image
show: variance, distribution, and normality; of the data.

Osteons 3.2.2

In the case of osteons, Ca, P, and O satisfied the assumptions of the ANOVA. Meaning
the data had: variance with no obvious football or horn shapes, distributions that looks mostly
Gaussian and not bimodal, and normality that is fairly linéae Tukey-Kramer method was
used to get an adjusted p-value. There are three groups, in this case, so the normal and Tukey-
Kramer p-value are now different. In this case the Tukey-Kramer p-value was used since it is the

more conservative estimation.
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Ca

Ca showed no significant difference (p = 0.0987) in the osteon (51.04% + 2.11%) vs. in
the cement lines (53.53% * 2.11%). Ca showed no significant difference (p = 0.9988) in the
osteon (51.04% + 2.11%) vs. outside the osteon (bone matrix) (50.99% + 2.11%). Ca showed no
significant difference (p = 0.0889) in the cement line (53.53% * 2.11%) vs. outside the osteon
(bone matrix) (50.99% + 2.11%

P

P showed no significant difference (p = 0.0638) in the osteon (18.52% * 0.43%) vs. in the
cement lines (18.99% + 0.43%). P showed no significant differenc®.g988) in the osteon
(18.52% + 0.43%) vs. outside the osteon (bone matrix) (18.88% * 0.43%). P showed no
significant difference (p = 0.0889) in the cement line (18.99% * 0.43%) vs. outside the osteon
(bone matrix) (18.88% + 0.43).

O

O showed no significant difference (p = 0.6388) in the osteon (17.65% + 1.13%) vs. in
the cement lines (18.37% = 1.13%). O less (p = 0.0356) in the osteon (17.65% * 1.13%) vs.
outside the osteon (bone matrix) (19.64% + 1.13%). O showed no significant difference (p =
0.2556) in the cement line (18.37% £ 1.13%) vs. outside the osteon (bone matrix) (19.64% +
1.13%).

See Figure 23, page 67, for box and whisker plots for each element. For C, the sample
was coated in C. This made any data obtained not helpful, since carbon was added to the sample
to run the sample in the SEM. The coating process is not accurate enough to determine how
much C was added to each sample. Also the limitations of SEM EDS would make it hard if not

impossible to remove the amount from a percent measure even if the initial amount of carbon
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added was a known. For: N, Na, and Mg; there data was not good statistically. The data for

these elements contained some if not all of the things that were being avoided such as: variance

with football or horn shapes, distributions that did not look mostly Gaussian and normality that

was not fairly linear.
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Figure 23: Box and whisker plotsfor Ca, P, and O. These plots are comparing osteons. The bottom right image

show: variance, distribution, and normality; of the data.

LAGsvs. Cement Lines3.2.3

In the case of LAGs vs. cement lines, data for calcium (Ca), phosphorus (P), and oxygen

(O) satisfied the assumptions of the ANOVA. Meaning the data had: variance with no obvious

football or horn shapes, distributions that looks mostly Gaussian and not bimodal, and normality
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that is fairly linear.The Tukey-Kramer method was used to get an adjusted p-value. There are
only two groups, in this case, so the normal and Tukey-Kramer p-value are the same. Ca is
greater (p < 0.0001) in LAGs (62.47% £ 2.17%) vs. cement lines (53.53% + 2.17%). P is greater
(p =0.0389) in LAGs (19.49% * 0.53%) vs. cement lines (18.99% + 0.53%). O is greater (p <
0.0001) in cement lines (18.37% + 1.44%) vs. LAGs (12.15% + 1.48%g.Figure 24, page 69,

for box and whisker plots for each element. For C, the sample was coated in C. This made any
data obtained not helpful, since carbon was added to the sample to run the sample in the SEM.
The coating process is not accurate enough to determine how much C was added to each sample.
Also the limitations of SEM EDS would make it hard if not impossible to remove the amount

from a percent measure even if the initial amount of carbon added was a known. For: N, Na, and
Mg; there data was not good statistically. The data for these elements contained some if not all
of the things that were being avoided such as: variance with football or horn shapes, distributions

that did not look mostly Gaussian and normality that was not fairly linear.
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Distribution of Ca by Location Distribution of P by Location
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Figure 24: Box and whisker plotsfor Ca, P, and O. These plots are comparing LAGs vs. cement lines. The bottom
right image show: variance, distribution, and normality; of the data.

Light Microscopy I mages 3.3

Toluidine blue stained light microscope images, showed both cement lines and LAGs as
dark blue compared to the surrounding bone. This is true for both Utah and Florida bears.
Double LAGs are present. See Figure 25, page 70, it shows a zoomed in image of a double
LAG. Also the double LAG is visible in the zoomed out top image, of Figure 25. Endosteal
LAGs are also present in the top image. These were not counted due to reasonsMtibed in

and Materials Section 2.9.
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Figure 25: In the top, a 4x image of black bear cortical sample. Dark blue vertical linesare LAGs. More
specifically, thisis fromthe anterior region in a femur. The bottom image is the same sample, but zoomed in at 40x.
It shows two LAGs close together, or a “double LAG”.
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Cement and LAG Size Comparisons 3.4

Size comparisons were done for cement lines and LAGs in both light microscopy and
electron microscopy (SEM). SEM size analysis procedures were outlined in section 2.1 of the
methods and materials. It is unknown were light microscope samples were pulled from on the
bear bone. Cement lines in light microscopy averaged out to approximately 1.6 microns + 0.34
microns (averaged over 17 cement lines). Cement lines in SEM averaged out to approximately
1.3 microns * 0.58 microns (averaged over 19 cement lines). LAGs in light microscopy
averaged out to approximately 3.5 microns £ 1.02 microns (averaged over 53 LAGs). LAGs in
SEM averaged out to approximately 4.57 microns + 1.58 microns (averaged over 16 LAGS). It
was unknown if some of these LAGs and\or cement lines were the same ones being compared in
both SEM and light microscopy. The light microscope data was pulled from twelve Utah black
bear samples. The SEM data was bulled from six black bear samples. The six samples in SEM

were six of the twelve samples used in light microscopy.

Radial Growth 3.5

Radial growth measurements were used from previous work. Radial growth
measurements were done to see if there was any insight into LAGs due to the age of the bear and
the radial growth across a cross section. Data came from 47 hunter killed black bears, all males.

See Figure 26, page 72, for a plot of Age vs. Radial Growth.
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Figure 26: Shows a graph of Age vs. the diameter of the mid diaphysis. The data isfrom 47 hunter killed black
bears, all males.

LAG Counting 3.6

Counted LAGs in black bears showed a slope of 1.24 for non-adjusted black bears, and a
slope of 1.14 for adjusted black bears. Counted LAGs in Florida bears showed a slope of 0.72

for non-adjusted Florida bears, and a slope of 0.65 for adjusted Florida SearBigure 27,

page 73, for plots of counted LAGs.
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Total LAGs vs. Age (Utah Black Bears)
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Figure 27: Thetop two graphs are for black bears. The bottom two graphs are for Florida bears. Both the top left
and the top right graph have a p-value of <0.0001. The bottom left graph has a p-value of 0.0697. The bottom right
graph has a p-value of 0.0227. All p-values were done through a simple linear regression.
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CHAPTER FOURDISCUSSION

SEM Images 4.0

In the 2005 article by Skedros, cement lines were described as small bright lines that
surrounded secondary osteons. The definition of brighter, in this case, was whiter relative to the
surrounding features. These images were cross sections of human cortical bone, and specifically
showed up when the SEM was imaging, in the SEI mode. This was confirmed by the present
study. Bright lines showed up surrounding secondary osteons, in cross sections of black bear
cortical bone. There was that same definition of brighter, whiter relative to the surround
features. Again this was specifically when the SEM was imaging, in the SEI mode. It was
concluded from Skedros (2005) that these brighter regions were more mineralized. In this case
more mineralized, implies a region with higher levels of dense elements. In the case of bone the
densest element is Ca, due to hydroxyapatite being the major mineral of bone. The assumption
of most dense element is not including trace elements. By this assumption all regions in bone
that have brighter regions, could be considered to have higher concentrations of Ca. Many other
lines and regions, that appear to be more white relative to the surround features, could be found.
These features were more predominant at the outer 1/3 of the bone, as one would travel radially
toward the periostium. There is little literature currently on these lines in SEM imaging,
specifically dealing with elemental composition and definitions of said features. The original
assumption, in the beginning, was that these brighter lines were LAGs. Observation and insights
showed that there were too many and the sizes of the lines were not consistent. While it seems
now that not all these brighter lines are LAGs, it does seem that some of these brighter lines are

LAGs. While not all the other features were defined, it was suggested that they could be annuli
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or growth features left over after modeling. As for these unconfirmed features and LAGs, it

shows an obvious region of possible growth in knowledge, for future studies.

SEM EDS Point and Line Analysis 4.1

The statistics, of the point analysis, of cement lines and LAGs showed some significant
differences. There was a significant difference between LAGs and cement lines. There was a
significant difference in Ca, P, and O. Ca is greater (p < 0.0001) in LAGs (62.47% * 2.17%) vs.
cement lines (53.53% + 2.17%). P is greater (p = 0.0389) in LAGs (19.49% + 0.53%) vs.

cement lines (18.99% + 0.53%). O is greater (p < 0.0001) in cement lines (18.37% + 1.44%) vs.
LAGs (12.15% + 1.44%). A possible explanation for this could be the age of the LAGs and
cement lines. Generally older structures in bone are more mineralized than younger structures.
As for differences in: LAGs vs. outside LAGs (periostially), cement line vs. inside the osteon,
cement lines vs. outside the osteon (in surrounding bone matrix), and inside the osteon vs.
outside the osteon (in surrounding bone matrix), there was no significant differences. This is the
opposite of what was expected. It was expected to see a significant difference between LAGs vs.
outside LAGs (periostially), cement line vs. inside the osteon, and cement lines vs. outside the
osteon (in surrounding bone matrix). There were no expectations to see a significant difference
between: LAGs and cement lines. The present study was done with standard SEM EDS. In the
present study, SEM EDS is accurate but not precise enough. Skedros (2005) used quantitative
EDS. He was able to show a significant difference between cement lines and bone inside the
osteon. This diffeence was 25.13% 0.46% Ca in cement lines vs. 23.82 % £ 0.49% Ca in the
osteon. Standard SEM EDS, in the current study, was not able to show a significant difference in

these regions. Yet in Skedros (2005) he was not able to show a significant difference in Ca
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content between a cement line and intestinal bone outside of the osteon. This shows that even
guantitative EDS is not picking up the visible difference seen in BSI. There is something in BSI
images, were both LAGs and cement lines show up visibly brighter than the surrounding bone.
Yet both normal and quantitative EDS cannot pick up on this visual difference. In both the
current study and Skedros (2005) study, the same elements were found. In future studies this
shows that standard SEM EDS is acceptable for accuracy of elements, but not as precise as
guantitative EDS. Some other method or and improvement quantitativesE&fsiired to

elementally prove this visual phenomenon, in bone.

Light Microscope Images 4.2

Images from the light microscope were stained in toluidine blue. The dye stains GAGs
and positively charged species (Hall et al., 1993). Toluidine blue also stains cement lines and
LAGs (Hall et al., 1993). This allowed for the separation of LAGs and cement lines from other
features. For example there were many lines in SEM BSI. It was hard to differentiate LAGs
from other structures (annuli and other features). In the microscope slides LAGs could be
differentiated from other structures. One example being LAGs from annuli. Annuli do not stain
with toluidine blue, they are white in nature (Hall et al., 1993).This also allowed insight into the
size of LAGs. This allowed for a size approximation of LAGs, in SEM. Even though LAGs and
cement lines are stained, Toluidine blue stains GAGs and positively charged species. It is

unknown what exactly is being stained in LAGs.
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Cement Linesand LAGs Size Comparisonsin Both SME and Light Microscopy 4.3

Schaffler (1987) described cement lines as a structure greater than 1 um in size. Skedros
(2005) described cement lines as less than 5 um. From these two it can be concluded that
cement lines are between 1 and 5 pum in size. Cement lines in light microscopy averaged out to
approximately 1.6 microns = 0.34 microns (averaged over 17 cement lines). Cement lines in
SEM averaged out to approximately 1.3 microns + 0.58 microns (averaged over 19 cement
lines). The present study agrees with Skedros (2005) and Schaffler (1987). As for LAGs, they
were described as larger than cement lines (S. Ray et al., 2009; P. M. Sander et al., 2006; B. K.
Hall et al., 1993). Not as much size information was given for LAGs as cement lines. LAGSs in
light microscopy averaged out to approximately 3.5 microns £+ 1.02 microns (averaged over 53
LAGs). LAGs in SEM averaged out to approximately 4.57 microns * 1.58 microns (averaged
over 16 LAGs). Both of the present studies showed on az#ragLAGs are approximately
two to three times the size of cement lines. This backs up the previous study stating that LAGs

are larger than cement lines.

LAGsCounting 4.4

Counting LAGs could lead taging of species, like J. Castanet et al. (2003). J. Castanet
et al. (2003) used skeletochrongydo approximate age. The given ages use dentin to age
animals. Dentin is used since it grows at a certain rate. The dentin is not very susceptible to
environmental or nutritional changes. That is how the animals were aged in the present study. J.
Castanet et al. (2003) suggested that LAGs would be laid down, one per seasonal light cycle. In
J. Castanet et al. (2003) case, the cycle was either annually or artificially set. J. Castanet et al.

(2003) LAGs vs. age graphs had a slope that was near to one-half rather than one. This is not as
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close as one would warA slope of one would be ideal, since this signifies one LAG is formed
per year old the animal is. J. Castanet et al. (2003) also said that in his gray mouse lemurs, they
could only have up to seven LAGs. This could be problematic since gray mouse lemurs can live
longer than seven years. Gray mouse lemurs only live this long in captivity. In the wild, the life
expectancy is five years old. So this approximation that J. Castanet et al. (2003) works for wild
animals, due to predation\life expectancy. In the present case LAGs were counted and compared
to the known age. In black bears it shows that LAGs are closer to one LAG per year, or a slope
of one. The present study’s graph, showed that a slope of approximately 1.25 when double
LAGs are not taken into account. The presentyStugtaph, also showed that a slope of
approximately 1.14 when multi LAGs are taken into account. In both J. Castanet et al. (2003)
and the present study is can be concluded that LAGs appear around one per seasonal cycle or
year.

Counting LAGs could also lead to markers that show periods of suppressed metabolism.
In the J. Castanet et al. (2003) study it was suggested that LAGs most likely showed up during
the less light phase when the gray mouse lemurs were lethargic. Kdhler et al. (2012) suggests
that a change in water, specifically a lack of rain fall, is when LAGs most likely showed up.
Both of these are times that represent a change, or possible decrease, in metabolism. In the
present study black bear and grizzly bear data suggests that the LAGs show up during
hibernation. This is due to all of the black bear samples showing no LAGs forming on the
periosteal surface. None of the black bears (Utah or Florida) analyzed were currently in
hibernation, when they were sacrificed. In the case of grizzly bears one set of samples were in
hibernation and the other set were not in hibernation. One of the grizzly bear samples, in

hibernation, show what looked like a small line forming at the periosteal surface. This line was
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brighter than the surrounding bone. Visually it looked like a LAG, but EDS was not elementally
conclusive. Also if the line was forming it is unknown what it might form into. There were

other bright lines present in the bear samples that were not LAHs.albof the factors seemed
favorable for a LAG to form, knowing the circumstances behind the sample. The grizzly bear
images and the Utah black bear data suggest a link to metabolic suppression, like Kéhler (2012)
suggests. Radial growth data from the present study did not help with trying to show a direct
correlation, with radial growth and LAGs. It would have been helpful to find a certain age in
which LAGs started to pile up. This would have given a good age predictor for when to be more
careful on what was getting described as a double or multi LAG. It did show a slowdown in

radial growth around five to seven years of age. This has some correlation with J. Castanet et al.
(2003) and his LAGs stopping, or just piling up too close to differentiate. The radial growth

gave a reason why LAGs to pile up at the periosteal surface in older animals. This pile up of
LAGs at the periosteal surface was shown in both the present study and J. Castanet et al. (2003).
Unlike J. Castanet et al. (2003) there was still more than seven LAGs possible in the present
study, also bear bone cross sections are significantly larger then grey mouse lemur cross sections.
It was hard to differentiate LAGs in older animals at the periosteal surface, in the current study.
The LAG pile up on the periosteal surface, in older animals, and the size discrepancy could show

why J. Castanet et al. (2003) said there is a seven LAG limit.
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FutureWork 4.5

Future work could include: working with quantitative EDS, looking into the other line
structures in the SEM EDS, finding bear samples from several time points during hibernation,
providing more understanding to double LAGs in bears, and looking at the de-calcified LAGs
and cement lines in the SEM. Quantitative EDS could provide better chemical data on LAGS vs.
cement lines and the other cases that were compar&itedros’s (2005) case, quantitative
EDS, did not provide that much more insight. Also quantitative EDS is a large project on its
own if one's SEM EDS is not set up for it already. Looking into the other structures in the bone
that show up during BSI in the SEM could be quite insightful. The other structures could have
been annuli. Also a lot of other structures were present around primary osteons. This could be
some sort of mineralization left over after modeling, yet it is still inconclusive and could prove
useful to look into this. Double LAGs were present in both the longer hibernating\higher
elevation Utah black bears, and the shorter hibernating\lower elevation Florida black bears.
Insight into reasons for double or multiple LAGs could be helpful. This is due to the fact that
most of the data is in amphibians, ectotherms, and little is known in endotherms. Finding
samples of same age bears, with the same sex, at multiple time points during hibernation would
be ideal. This is most likely not going to happen since that would be a lot of animals to sacrifice,
as well as expensive too. Finally an article by Pazzaglia et al. (2012) had an interesting idea.
Pazzaglia et al. (2012) de-calcified secondary osteons. In this study they looked at the collagen
density and orientation, in lamellar bands and cement lines. This could be done to compare

LAGs and cement lines, to see if they have relatively similar collagen density and orientation.
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CHAPTER FIVE CONCLUSION

In the current study it was shown that cement lines and LAGs show up under BSI with
similar brightness. This suggests LAGs and cement lines contain higher levels of calcium than
surrounding bone. If these regions have higher levels of Ca, then it could be deduced that this Ca
comes from hydroxyapatite. From that it could be deduced that cement and LAGs are more
mineralized than surrounding bone. It was shown that if one is interested in elemental
composition and a general level of each element, in bone, SEM EDS is good. However, in the
case of osteons, quantitative EDS was not even enough. In previous works even quantitative
EDS failed to extrapolate the elemental difference between cement line and interstitial bone. Yet
backscatter images still showed a visual phenomenon, cement lines were brighter than the
surrounding bone. It seems that a new analysis technique is needed, when comparing structures
in bone. There are many lines that appear more mineralized, than the surrounding bone, when
BSl is used. This is based on the idea that brighter regions contain denser elements. In bone Ca
is the densest element that is not trace. Not all of these lines appear to be LAGs, so further
investigation is needed. These lines could be annuli or some level of mineralization left over
from modeling, since some of these regions are found surrounding primary osteons.

The picture seems clearer in light microscopy, due to the wealth of previous knowledge
on the subject and the ability to stain. Toluidine blue staining allows for separation of LAGs and
cement lines from the bone. It also has a way to show general regions of annuli by the lack of
staining. The presence of LAGs in endotherms shows that their formation has to do with
something more than just temperature. While temperature may be one of the signs of LAG

formation, especially in ectotherms, it is not the overarching term, to describe this process.
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Metabolism is that term that is able to explain both why endotherms and ectotherms have LAGs
present. This is due to metabolism being an umbrella like term which many other factors fall
under and contribute to. Such terms as: temperature, access to water, access to food\minerals,
light cycles\circadian rhythms, etc.; could fit under the term metabolism. All of these previous
terms could have an effect on metabolism and thus cause LAGs to form. Currently it seems
more appropriate to say LAGs are formed due to a change in metabolism.

As for the numbers of LAGs and the ability to count them, it seems they could be helpful
in some cases. Especially in younger animals LAGs could be an appropriate measure on which
to perform skeletochronology. It is still dependent on the animal since assuming this for all
animals could be problematic, but it is not something that should be shelved at first thought. One
must be careful when it comes to older animals due to the piling up of LAGs on the periosteal
surface. This is due to the slowing of radial growth, in this case in long bones. Also
double\multiple LAGs do provide possibly some more insight or more problems, sort of a double
edged sword. Double LAGs are a sign of possible environmental extremes that the animal
experienced. This could possibly provide some insight into the animal. Again, in older animals
these could pile up at the periosteal surface and cause even more confusion. This confusion is
due to even more added lines that may not represent one year’s worth of growth since they are so
close together. Also counting LAGs could provide markers that show periods of suppressed
metabolism. The formation of LAGs seems to deal with a change in metabolism. When LAGs
form it is important, since it shows a time when the system, of the animal’s body, determines
conditions are not favorable for bone growth. In bears, this is important since they are
hibernators. One should expect LAGs to form in bear due to extended periods of reduced

metabolism, i.e. hibernation. Understanding when LAGS form for bears, in hibernation, could
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be a key determining factor to understanding their ability to forgo bone loss, due to disuse. If a
time point could be determined, LAGs could possibly then be artificially induced. In the study
with the grey mouse lemurs, it was shown that one could change the time when LAGs normally
formed in animals. When a LAG was formed the serum and other biological factors could be
measured. This would be done in order to determine any link with bears and their protection
from disuse osteoporosis, during hibernation. A possible unknown biological factor or level of
known biological factor could contribute to this protection. LAGs seem to have an important
role not only for skeletochronology, and insights in to living conditions, but also for the ability to
show metabolic maps and provide key points to test for in an attempt to circumvent disuse

osteoporosis.

83



SOURCES

A Guide To Scanning Microscope Observation. 2015. Ebook. 2nd ed. Peabody: JEOL.
http://www.jeolusa.com/RESOUR CES/Electron-Optics/Documents-Downloads/Entryld/1.

Advani SH, Lee T-S, Martin RB. 1987. Analysis of crack arrest by cement lines in osteonal
bone. In: Erdman AG, editor. Advances in bioengineering BED, vol. 3. New York: American
Society of Mechanical Engineers. P-538.

Amprino R, Engstro'm A. 1952. Studies on X-ray absorption and diffraction of bone tissAeta
Anat 15:1-22.

Bachus KN, Bloebaum RD. 1992. Projection effect errors in biomaterials and bone research.
Cells Mater 2:347-355.

Bloebaum RD, Skedros JG, Vajda EG, Bachus KN, Constantz BR. 1997. Determining mineral
content variations in bone using backscattered electron imdgpng20:485- 490.

Boyce TM, Fyhrie DP, Glotkowski MC, Radin EL, Schaffler MB. 1998. Damage type and strain
mode associations in human compact bone bending fafigdréhop Res 16:322-329.

Boyde A, Jones SJ. 1996. Scanning electron microscopy of bone: instrument, specimen, and
issuesMicrosc Res Tech 33:92-120.

Boyde A, Kingsmill VJ. 1998. Mineralisation density of human mandibular bone: quantitative
backscattered electron image analy3idnat 192:245256.

Boyde, A. 2011. "Scanning Electron Microscopy Of Bone". Methods In Molecular Biology, 365-
400. doi:10.1007/978-1-61779-415-5 24.

Braidotti P, Branca FP, Stagni L. 1997. Scanning electron microscopy of human cortical bone
failure surfaces] Biomech 30:155-162.

Burr DB, Martin RB, Schaffler MB, Radin EL. 1985. Bone remodeling in response to in vivo
fatigue microdamagé. Biomech 18:189-200.

Burr DB, Schaffler MB, Frederickson RG. 1988. Composition of the cement line and its possible
mechanical role as a local interface in human compact Bddiemech 21:939-945.

Cater DR, Hayes WC. 1977. Compact bone fatigue damage: a microscopic exam{@iation.
Orthop 127:265274.

84



Carey HV, Andrews MT, and Martin SL. 2003. "Mammalian Hibernation: Cellular And
Molecular Responses To Depressed Metabolism And Low Temperaysiological Reviews
83 (4): 1153-1181. doi:10.1152/physrev.00008.2003.

Castanet J, Croci S, Aujard F, Perret M, Cubo J, and de Margerie, E. 1999. "Lines Of Arrested
Growth In Bone And Age Estimation In A Small Primate: Microcebus Murinus". J. Zoology 263
(1): 31-39. doi:10.1017/s0952836904004844.

Chinsamy-Turan, A. 2005. The Microstructure Of Dinosaur Bone. Baltimore: Johns Hopkins
University Press.

Choi K, Goldstein SA. 1992. A comparison of the fatigue behavior of human trabecular and
cortical bone tissuel. Biomech 25:13711381.

Cool SM, Forwood MR, Campbell P, Bennett MB. 2002. Comparisons between bone and
cementum compositions and the possible basis for their layered appedBane&$:386-392.

Davies JE. 1996. In vitro modeling of the bone/implant interianat Rec 245:426- 445.

Dempster WT, Coleman RF. 1961. Tensile strength of bone along and across thieAgpgalin.
Physiol 16:355-360.

de Ricgle's A, Meunier FJ, Castanet J, Francillon-Vieillot H. 1991. Comparative microstructure
of bone. In: Hall BK, editorBone, vol. 3. Boca Raton, FL: CRC Press. F78&.

Dhem A, RV. 1986. Morphology of bone tissue aging. In: Uthoff HK, Stahl E, editors. Current
concept of bone fragility. BerlirSpringer-Verlag. P 36370.

Dorlot JM, L’Esperance G, Meunier A. 1986. Characterization of single osteons: microhardness
and mineral content. Trans 32@dthop Res Soc 11:330.

Engel T, Hehre WJ, and Engel T. 2010. Quantum Chemistry & Spectroscopy. New York: Prentice
Hall.

Evans FG, Bang S. 1966. Physical and histological differences between human fibular and
femoral compact bone. In: Evans FG, editor. Studies on the anatomy and function of bone and
joints. NewYork: Springer. P 142155.

Fastovsky DE, Weishampel DB. 2012. Dinosaurs. Cambridge: Cambridge University Press.
Fawcett DW. 1994. Bloom and Fawcett: a textbook of histology, d@tiNew York: Chapman
and Hall. P 224.

Fawns HT, Landells JW. 1953. Histochemical studies of rheumatic conditions: I, observations on
the fine structures of the matrix of normal bone and cartikageRheum Dis 12:105-113.

Francillion-Vieillot H, de Buffrenil V, Castanet J, Geraudie J, Menuire FJ, Sire JY, Zyelberberg
L, and de Ricqles A. 1990. Microstructure And Mineralization Of Vertebrate Skeletal Tissues.

85



Ebook. 1st ed. Paris: Universite Paris. http://jysire.free.fr/PDF/PDF%201983-
1990/1990Skeletal TissuesFrancillon.pdf.

Frasca P. 1981. Scannialpetron microscopy studies of “ground substance” in the cement lines,
resting lines, hypercalcified rings and reversal lines of human cortical Actagdnat 109:115-
121.

Frasca P, Harper R, Katz JL. 1981a. Strain and frequency dependence of shear storage modulus
for human single osteons and cortical bone microsamples: size and hydration EBextech
14:679- 690.

Frasca P, Harper RA, Katz JL. 1981b. Scanning electron microscopy studies of collagen, mineral
and ground substance in human cortical b&anning Electr Microsc 3:338-346.

Fratzl P, Schreiber S, Roschger P, Lafage M-H, Rodan G, Kalushofer K. 1996. Effects of sodium
fluoride and alendronate on the bone mineral in minipigs: a small-angle X-ray scattering and
backscattered electron imaging studlfdone Miner Res 11:248-253.

Friel J. 2003. X-Ray and Image Analysis In Electron Microscopy. Princeton Gamma-Tech.
Princeton, NJ

Frost HM. 1963. Bone remodeling dynamics. Springfield, IL: Charles C. Thomas.

Frost HM. 1973. Bone modeling and skeletal modeling errors. Springfield, IL: Charles C.
Thomas.

Frost HM. 1990. Skeletal structural adaptations to mechanical usage (SATMU): 2, redefining
Wolff’s law: the remodeling problem. Anat Rec 226:414— 422.

Gottesman T, Hashin Z. 1980. Analysis of viscoelastic behaviooroés on the basis of
microstructureJ Biomech 13:89-96.

Grynpas MD, Holmyard DP, Pritzker KPH. 1994. Bone mineralization and histomorphometry in
biopsies of osteoporotic patieriteated with fluorideCells Mater 4:287-297.

Guarino FM, and Erismis UC. 2008. "Age Determination And Growth By Skeletochronology Of
Rana Holtzi, An Endemic Frog From Turkey". ltalian Journal Of Zoology 75 (3): 237-242.
doi:10.1080/11250000701883427.

Guo XE. 2001. Mechanical properties of cortical bone and cancellous bone tissue. In: Cowin SC,
editor. Bone mechanics handbook, 2ud Boca Raton, FL: CRC Press. P 10(.23.

Guo XE, Liang LC, Goldstein SA. 1998. Micromechanics of osteonal cortical bone fracture.
Trans ASMIE J Biomech Eng 120:112117.

Hall, BK. 1993. Bone. Boca Raton: CRC Press.

86



Heuck F. 1971. Investigations of high density areas in metaboliches@sed.sr J Med i
7:477 480.

Heuck FW. 1993. Comparative histological and microradiographic investigations of human
bone. In: Grupe G, Garland AN, editors. Histology of ancient human bone: methods and
diagnosis. BerlinSpringer-Verlag. P 129 36.

Howell PG, Boyde A. 1999. Surface roughness of preparations for backscattered-electron
scanning electron microscopy: The image differences and their Monte Carlo simulation.
Scanning 21:361-367.

Iturra-Cid M, Ortiz JC, and Ibargliengoytia NR. 2010. "Age, Size, And Growth Of The Chilean
Frog Pleurodema Thaul (Anura: Leiuperidae): Latitudinal And Altitudinal Effects". Copeia 2010
(4): 609-617. doi:10.1643/cg-09-193.

Jaffe HL. 1972. Metabolic, degenerative, and inflammatory diseases of bones and joints.
Philadelphia: Lea and Febiger. P-338.

Jee WSS. 1983. The skeletal tissues. In: Weiss L, editor. Histology: cell and tissue biology, 5th
ed. New York: Elsevier Biomedical. p 20@55.

Jepsen KJ, Davy DT, Krzypow DJ. 1999. The role of the lamellar interface during torsional
yielding of human cortical bond.Biomech 32:303-310.

Jowsey J. 1960. Age changes in human bGha.Orthop 17:210-217.

Jowsey J. 1964. Variations in bone mineralization with age and disease. In: Frost HM, editor.
Bone biodynamics. Boston: Little, Brown. p 46479.

Jowsey J. 1966. Quantitative microradiography: a new approaich gvaluation of metabolic
bone diseasédm J Med 40:485- 491.

Katz JL. 1980. Anisotropy of Young’s modulus of bone. Nature 283: 106-107.

Katz JL. 1981. Composite material models for cortical bone. In: Cowin SC, editor. Mechanical
properties of bone. New York: American Society of Mechanical Engineers{184.1

Katz JL, Meunier A. 1993. Scanning acoustic microscope studies of the elastic properties of
osteons and osteon lamellae. ASME TraBsomech Eng 115:543-548.

Kohler M, Marin-Moratalla N, Jordana X, and Aanes R. 2012. "Seasonal Bone Growth And

Physiology In Endotherms Shed Light On Dinosaur Physioldggture 487 (7407): 358-361.
doi:10.1038/nature11264.

87



Kornblum SS, Kelly PJ. 1964. The lacunae and Haversian canals in tibial cortical bone from
ischemic and non-ischemic limbs: a comparative microradiographic st@adwye Joint Surg
46A:797 810.

Lacroix P. 1971. The internal remodeling of bones. In: Bourne GH, editor. The biochemistry and
physiology of bone, vol. 3. New Yorlkcademic Press. P 11944,

Lakes R. 1995. On the torsional properties of single ostddismech 28:1409-1410.

Lakes R. 2001. Viscoelastic properties of cortical bone. In: Cowin SC, editor. Bone mechanics
handbook, 2nd ed. Boca Raton, FL: CRC Press. P-11.15

Lakes RS, Katz JL. 1974. Interrelationships among the viscoelastic functions for anisotropic
solids: application to calcified tissues and related systéBi®mech 7:259-270.

Lakes RS, Katz JL. 1979. Viscoelastic properties of wet cortical bone: Il, relaxation mechanisms.
J Biomech 12:679- 687.

Lakes RS, Saha S. 1979. Cement line motion in Hamence 204:501-503.

Lawson AC, and Czernuszka JT. 1998. "Collagen-Calcium Phosphate Composites". Proceedings
Of The Institution Of Mechanical Engineers, Part H: Journal Of Engineering In Medicine 212
(6): 413-425. doi:10.1243/0954411981534187.

Les CM, Spence CA, Vance JL, Christopherson GT, Patel B, Turner AS, Divine GW, Fyhrie DP.
2004. Determinants of ovine compact bone viscoelastic properties: effects of architecture,
mineralizationand remodelingBone 35:729-738.

Maj G, Toajari E. 1937. Osservazioni sperimentali sul meccanismo di resistenza del tessuto
osseo lamellare compatto alle azioni meccaniCha. Org Mov 22:541.557.

Martin RB, Burr DB. 1982. A hypothetical mechanism for the stimulation of osteonal
remodeling by fatigue damag&Biomech 15: 137139.

Martin RB, Burr DB, Sharkey NA. 1998. Skeletal Tissue Mechanics. New York: Springer.

McGee ME, Maki AJ, Johnson SE, Nelson OL, Robbins CT, and Donahue SW. 2008.
"Decreased Bone Turnover With Balanced Resorption And Formation Prevent Cortical Bone
Loss During Disuse (Hibernation) In Grizzly Bears (Ursus Arctos Horribilis)". Bone 42 (2): 396-
404. doi:10.1016/j.bone.2007.10.010.

McGee-Lawrence ME, Wojda SJ, Barlow LN, Drummer TD, Castillo AB, Kennedy O, and
Condon KW et al. 2009. "Grizzly Bears (Ursus Arctos Horribilis) And Black Bears (Ursus

Americanus) Prevent Trabecular Bone Loss During Disuse (Hibernation)". Bone 45 (6): 1186-
1191. doi:10.1016/j.bone.2009.08.011.

88



McKee MD, NA. 1995. Osteopontin and the bone remodeling sequence: colloidal-gold
immunocytochemistry of an interfacial extracellular matrix prot&mm NY Acad Sci 760:177
189.

McKee MD, NA. 1996a. Osteopontin at mineralized tissue interfaces in bone, teeth, and
osseointegrated implants: ultrastructural distribution and implications for mineralized tissue
formation, turnover, and repaMicrosc Res Tech 33:141-164.

McKee MD, NA. 1996b. Osteopontin: an interfacial extracellular matrix protein in mineralized
tissuesConnect Tissue Res 35:197 205.

Norman TL, Vashishth D, Burr DB. 1995. Fracture toughne$sigfan bone under tensiah.
Biomech 28:309-320.

Norman TL, Wang Z. 1997. Microdamage of human cortical bmgédence and morphology in
long bonesBone 20:375-379.

Nyssen-Behets C, Arnould V, Dhem A. 1994. Hypermineralized lamellae below the bone
surface: a quantitative microradiographic stusiyne 15:685- 689.

O’Brien FJ, Taylor D, Lee TC. 2003. Microcrack accumulation at different intervals during
fatigue testing of compact bonkBiomech 36:973-980.

Osborne DL, and Curtis J. 2005. "A Protocol For The Staining Of Cement Lines In Adult Human
Bone Using Toluidine Blue". Journal Of Histotechnology 28 (2): 73-79.
doi:10.1179/014788805794775343.

Pankovich AM, Simmons DJ, Kulkarni VV. 1974. Zonal osteonsoiriical boneClin Orthop
100:356-363.

Parfitt AM. 1983. The physiologic and clinical significance of bone histomorphometric data. In:
Recker RR, editor. Bone histomorphometry: techniques and interpretation. Boca Raton, FL:
CRC Press. p 14223.

Parfitt AM. 1984. The cellular basis of bone remodeling: the quantum concept reexamined in
light of recent advances in the cell biology of babalcif Tissue Int 36:S37-S45.

Parfitt AM. 1994. Osteonal and hemi-osteonal remodeling: the spatial and temporal framework
for signal traffic in adult human bon& Cell Biochem 55:273286.Piekarski K. 1970. Fracture of
bone.J Appl Physiol 41:215-223.

Prendergast PJ, Huiskes R. 1996. Microdamage and osteocyte lacuna strain in bone: a
microstructural finite element analysSSME Trans J Biomech Eng 118:240-246.

Philipson B. 1965. Composition of cement lines in bdrdistochem Cytochem 13:270-281.

89



Pritchard JJ. 1972. General histology of bone. In: Bourne GH, editor. The biochemistry and
physiology of bone, 2nd ed., vol. 1. New YoAcademic Press. P-20.

Ray S, Mukherjee D, and Bandyopadhyay S. 2009. "Growth Patterns Of Fossil Vertebrates As
Deduced From Bone Microstructure: Case Studies From India". J Biosci 34 (5): 661-672.
doi:10.1007/s12038-009-0055-x.

Reid SA, Boyde A. 1987. Changes in the mineral density distribution in human bone with age:
image analysis using backscattered tetets in the SEMJ Bone Miner Res 2:13-22.

Roschger P, Plenk H Jr, Klaushofer K, Eschberger J. 1995. A new scanning electron microscopy
approach to the quantification of bone mineral distribution: backscattered electron image grey-
levels correlated to calcium Ka-line intensitiesScanning Microsc 9:75- 88.

Roschger P, Fratzl P, Klaushofer K, Rodan G. 1997. Mineralization of cancellous bone after
alendronate and sodium fluoride treatment: a quantitative backscattered electron imaging study
on minipig ribs.Bone 20:393-397.

Rubin CT and Rubin JE. 1996. "The Biology, Physiology and Morphology of Bone". American
Society of Biomechanics.

Saha S. 1977. Longitudinal shear properties of human compact bone and its constituents and the
associated failure mechanisnddMater Sci 12:1798-1806.

Sander PM, and Andrassay P. 2016. "Lines Of Arrested Growth And Long Bone Histology In
Pleistocene Large Mammals From Germany: What Do They Tell Us About Dinosaur
Physiology?". Palaeontographica Abteilung A 277 (1-6): 143-159.

Schaffler MB, Burr DB, and Frederickson RG. 1987. "Morphology Of The Osteonal Cement
Line In Human Bone". Anat. Rec. 217 (3): 223-228. doi:10.1002/ar.1092170302.

Schaffler MB, Choi K, Milgrom C. 1995. Aging and matrix microdaya accumulation in
human compact bonBone 17:521-525.

Sissons HA, Jowsey JteSvart L. 1960. The microradiographic appearance of normal bone at

various ages. In: Engstro'm A, Coslett V, Pattee H, editors. X-ray microscopy and X-ray
microanalysis: proceedings of the Second International Symposium. New York: Elsevier. p 206
—215.

Sissons HA. 1962. Age changes in the structure and mineralizatimmeftissue in man. In:
McLean FC, LaCroix P, Budy AM, editors. Radioisotopes and bone. London: Blackwell
Scientific Publcations. p 443165.

Skedros JG, Bloebaum RD, Bachus KN, Boyce TM. 1993a. The meaning of gray levels in
backscattered electron images of bahBiomed Mater Res 27:47-56.

90



Skedros JG, Bloebaum RD, Bachus KN, Boyce TM, Constantz B. 1993b. Influence of mineral
content and composition on gray levels in backscattered electron images of Biameed
Mater Res 27:57- 64.

Skedros JG, Holmes JL, Vajda EG, and Bloebaum RD. 2005. "Cement Lines Of Secondary
Osteons In Human Bone Are Not Mineral-Deficient: New Data In A Historical Perspective”.
Anat. Rec. 286A (1): 781-803. doi:10.1002/ar.a.20214.

Smith JW. 1963. Age changes in the organic fraction of hbBene Joint Surg 45B:761-769.

Sobelman OS, Gibeling JC, Stover SM, Hazelwood SJ, Yeh OC, Shelton DR, Martin RB. 2004.
Do microcracks decrease or increée@ue resistance in cortical bong&Biomech 27:1295
1303.

Sokoloff L. 1973. A note on the histology of cement lines. In: Kenedi RM, editor. Perspectives
in biomedical engineering. Baltimore, MD: University Park Press. P113%

The Editors of Encyclopaedia Britannica. "Osteon (anatomy)." Encyclopedia Britannica Online.
Accessed November 10, 2014. http://www.britannica.com/EBchecked/topic/434325/0steo

Toeien O, Blake J, and Barnes BM. 2015. "Thermoregulation And Energetics In Hibernating
Black Bears: Metabolic Rate And The Mystery Of Multi-Day Body Temperature Cycles". J
Comp Physiol B 185 (4): 447-461. doi:10.1007/s00360-015-0891-y.

Vajda EG, Humphrey S, Skedros JG, Bloebaum RD. 1999. Influence of topography and
specimen preparation on backscattered electron images ofJsaneing 21:379-386.

Wang Z, Norman TL. 1996. In vivo microdamage of human cortical bone supports the
hypothesis that cement lines “trap” cracks. Trans 42nd Orthop Res Soc 21:594.

Wainwright SA. 1982. Mechanical Design In Organisms. Princeton, NJ: Princeton University
Press.

Weidenreich F. 1930. Das knochengewebe. In: von Mollendorff W, editor. Mollendorff
Handbuch der mikroskopischen Anatomie des Menschen, vol. 2, pt. 2. Berlin: Verlag Julius
Springer. P 391520.

Weinmann JP, Sicher H. 1955. Bone tissue. In: Bone and bones. fundamentals of bone biology,
2nd ed. St. Louis, MO: C.V. Mosby. P-4&.

Weishampel DB, Dodson P, and Osmoélska H. 2004. The Dinosauria. Berkeley: University of
California Press.

Woodward HN, Horner JR, and Farlow JO. 2014. "Quantification Of Intraskeletal
Histovariability In Alligator Mississippiensis And Implications For Vertebrate Osteohistology".
Peerj 2: e422. doi:10.7717/peer].422.

91



Woodward HN, Rich TH, Chinsamy A, and Vickers-Rich P. 2011. "Growth Dynamics Of
Australia's Polar DinosaursPlos ONE 6 (8): €23339. doi:10.1371/journal.pone.0023339.

Yeager JA. 1971. Bone morphology and mineral homeostasis, In: Moyers RE, Krogman WM,
editors. Cranio-facial growth in man: part Il, the biology of bone. New York: Pergamon Press. P
27-32.

Yeni YN, Norman TL. 2000. Calculation of porosity and osteon cement line effects on the
effective fracture toughness of cortical bone in longitudinal crack gravidiomed Mat Res
51:504-509.

Zagba-Mongalima G, Goret-Nicaise M, Dhem A. 1988. Age change in human bone: a
microradiographic and histological study of subperiosteal and periosteal calcifications.
Gerontology 34:264-276.

Zhou H, Chernecky R, Davies JE. 1994. Deposition of cemeavatsal lines in rat femoral
bone.J Bone Miner Res 9:367-374.

Zioupos P, Currey JD. 1994. The extent of microcracking and the morphology of microcracks in
damaged bond.Mater Sci 29:978-986.

92



